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This dissertation presents the results of two lines of inquiry into the frequency and 
magnitude of post-wildfire debris flows, and a third investigation into the design parameters for a 
debris-flow mitigation structure are presented as an advancement of the current body of 
knowledge on the hazards and risks of post-wildfire debris flows, and the consideration of a 
potential mitigation design. Increasing areas burned by wildfire and increasing intense 
precipitation events with predicted climate change will produce a significant increase in the 
occurrence of post-wildfire debris flows in the western United States. A positive correlation is 
shown between an increase in wildfire area and number of debris flows. The probability of a 
debris flow occurring from a burned watershed is influenced by climate change. With 
conservative model interpretation, post-wildfire debris-flow probabilities for individual drainage 
basins increase on average by 20.6%, with different climate scenarios increasing the probability 
of post-wildfire debris flows by 1.6% to 38.9%. A predictive debris-flow volume equation for 
the Intermountain West is influenced by factors that will be affected by climate change in the 
coming decades, and debris-flow volumes are calculated to increase with changing conditions by 
3.7% to 52.5%. Understanding the future implications of increased incidence of wildfire-related 
debris flows will help agencies and communities better manage the associated risk.  
Compilation of a database of debris-flow peak discharges (Q) allowed for a comparison 
with the expected basin discharge as computed using the rational equation, Q=CIA; where C= an 
infiltration coefficient, I is the rainfall intensity, and A is the area of the basin. The observed 
values of Q for debris flows in unburned and burned areas were divided by the computed Q 
values of runoff using the rational method. This ratio is the ‘bulking factor’ for that debris-flow 
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event when compared with water flooding. It was shown that unburned and burned basins 
constitute two distinct populations for debris–flow bulking, and that the bulking factors for 
burned areas are consistently higher than for unburned basins. Previously published bulking 
factors for unburned areas fit the dataset in about 50% of the cases. Conversely,  the bulking 
factors for burned areas that were found in the published literature were well below the increases 
seen  in over  half of the cases investigated in this study, and would result in a significant 
underestimation of the peak discharge from a burned basin for the given rainfall intensity. Peak 
discharge bulking rates were found to be inversely related to basin area. Knowledge of the 
potential increase to the peak discharge from a basin during a debris flow event will help workers 
better design conveyances and thus will reduce risk to proximal infrastructure. 
While the first two studies address gaps in knowledge for design events, the third study 
considers the design elements in the debris –flow mitigation process. The investigation looks 
specifically at a mitigation structure whose design elements are not well-documented in the 
literature.  A small-scale flume experiment was conducted to assess the design considerations for 
a horizontal dewatering debris flow brake. A design sequence, which was previously unavailable 
in the published literature, is developed from comparison to other mitigation design strategies 
and from results of laboratory flume experiments. It is concluded that the most important input 
parameters into the design of a debris-flow dewatering brake are the expected thickness of the 
debris flow deposit and the channel shape. The volume of debris that can be stopped and stored 
by this mitigation design is a function of the debris flow depth and the channel slope.  The 
thickness of the debris that is arrested on the grate depends on the depositional properties of the 
debris-flow mass, such as the unit weight of the material, but was not affected by volume of the 
debris available. The ideal brake is a free-draining surface with an aperture smaller than the D90 
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value for the debris-flow grain size distribution. An easily implemented design that could be 
rapidly installed in the channel to reduce the velocity and volume of a debris flow is the goal of 
this dewatering structure. This design has the potential of being implemented in recently burned 
areas to reduce the debris-flow risk to areas downstream.  
Evaluation of the hazard posed by and the potential risk of, a debris-flow event involves 
many variables. Two variables in risk assessment are the likelihood of an event happening and 
the severity of that event, in addition to the likely extent of the losses if a particular event takes 
place. This research shows that there is an increase in the likelihood of post-wildfire debris flows 
happening with climate change, and that the magnitude of debris –flow events, with respect to 
the peak discharge measurement, is more severe in a post-wildfire setting than in an unburned 
basin. Post-wildfire debris flow risk could be reduced for communities at the wildland urban 
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Debris flows are fast moving viscous slurries of water, sediment, and other debris that can 
move rapidly down a channel and spread out, once unconfined, and inundate areas of an alluvial 
fan or valley floor. Debris flows can travel at high velocities ranging up to 31 meters per second 
(69 mph) (Rickenmann, 1999) and exert great impulsive loads on objects in their paths. These 
flows are capable of washing out roads and bridges, destroying homes and other buildings, 
sweeping away vehicles, knocking down trees or power lines, and damming streams and 
obstructing roadways with thick deposits of mud and rocks. When debris flows inundate areas of 
human development they can cause fatalities and extensive damage.  Because of the entrainment 
of increased sediment loads, debris flows often worsen the effects of flooding and cause their own 
set of hazards by rafting large boulders at their fronts. Typically initiated by periods of heavy or 
intense rainfall or rapid snowmelt or a combination of these, debris flows can occur with little 
warning. Debris flows pose a significant hazard worldwide, from steep mountainous terrain such 
as the Alps, or volcanoes of Japan, to the varied landscapes of the Western United States. Because 
of the substantial impacts debris flows it is crucial to understand the hazard, and better define the 
risk associated with these events. 
Risk assessments at their very simplest are a qualitative definition of the various threats and 
determination of the extent of vulnerabilities and the consideration of countermeasures should an 
event occur. A quantitative risk analysis is an attempt to numerically determine the probabilities of 
various adverse events (hazards) and the likely extent of losses if a particular event takes place. 
Debris-flow hazards are influenced, and can be intensified, by several factors including wildfire, 
human modification to the landscape, and climate change. Debris-flow risk is influenced by the 
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frequency and magnitude of the hazard as well as the appropriateness of the design elements in 
place; bridges, culverts, roads, homes, or specific mitigation design. There is an increasing risk to 
humans as populations are moving onto alluvial fans, where debris flow energies are usually 
dissipated and materials are deposited naturally. These communities built at the WUI are at an 
increased risk because of location, and are in some cases exacerbating wildfire cycles. A 
comprehensive risk assessment for debris flows in marginal communities should include a 
contingency for change in the landscape over the lifetime of the development including land use, 
vegetation, and climate changes.  
This investigation combines three research avenues to help advance the assessment of the 
risks associated with debris flows and specifically post-wildfire debris flows. The risk elements 
that are explored are; 1) debris-flow frequency, specifically the increase in post-wildfire debris-
flow frequency in the coming decades that can be attributed to climate change, 2) debris flow 
magnitude, as defined by the peak discharge of a debris-flow event in comparison the peak 
discharges expected with a flood flow, and 3) risk reduction potential mitigation design that when 
tested on a laboratory flume scale is effective at arresting debris-flow volumes. All three elements 
of this research improve the current knowledge on debris flow hazard and risk by implementing 
novel approaches to the interpretation of debris-flow data. These questions have not been 
addressed in the published literature before, so this research provides novel interpretation and 
previously unconsolidated data sets. 
Investigation into past debris flow frequency, magnitude, and mitigation design were 
invaluable in this research. Debris-flow frequency (e.g., Van Steijn, 1996; Bovis and Jakob, 1999; 
Jakob and Hungr, 2005; and Stoffel et al., 2005 ) and post-wildfire debris-flow studies (e.g., 
Cannon et al., 2003; Giraud and McDonald, 2007; Moody et al., 2008; Wells, 1987; and Scott, 
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1971) informed this research, and greatly enhanced the extrapolation of the increase in debris-flow 
probability with climate change especially in the Western U.S. Debris-flow magnitudes are most 
often reported in the literature as a function of the total volume of debris produced during a debris-
flow event. Frequency and magnitude relationships are generally given in the expected volume 
produced from a basin per given time frame (e.g., Marchi et al., 2002; D’Agustino and Marchi, 
2002; Jakob and Hungr, 2005; and Hurlimann, 2003). Magnitudes are also explored as a function 
of the rainfall event that triggered the debris-flow. These rainfall intensity-duration studies were 
also invaluable in assessing the runoff and peak discharges from particular storm events (e.g., 
Caine, 1980; Wieczorek, 1987; Chien-Yuan et al., 2005; Jakob and Hungr, 2005; Marchi et al., 
2002; Coe et al., 2008; and Cannon and Gartner, 2005). Lastly, debris-flow mitigation design is 
well represented in the literature in both laboratory-scale tests (e.g., Egashira et al., 2001; Armani 
and Larcher, 2001; Lien, 2003; and Liu, 1996) and implementation in the field (e.g., Ikeya, 1989; 
Hubl et al., 2005; Jaeggi and Pellandini, 1997; Okubo et al., 1997; and VanDine, 1996). The 
laboratory testing and mitigation design strategies presented by various researchers helped to 
inform the research in this study.  
Research into the increasing frequency of debris flows with climate change in the coming 
decades in the intermountain west is presented in chapter 1 of this dissertation. The purpose of this 
project is to provide a quantitative means for predicting the increase in the number of post-wildfire 
debris flows that can be expected to occur with climate change. Using the historical relationship of 
area burned and number of debris flows generated, data is coupled with available predictions from 
climate models to advance the future hazard prediction of wildfire-related debris flows. The scope 
of this research was to review wildfire-related debris-flow histories to demonstrate the relationship 
of area burned to number of debris flows generated, and then to use climate model predictions of 
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wildfire season and rainfall to provide a quantitative analysis of debris-flow occurrence with 
various models of climate change, wildfire season, and precipitation delivery.  
A peak discharge comparison was made between debris-flows from burned and unburned 
areas and the calculated value of peak discharge using the rational method. This debris-flow 
magnitude assessment is presented in chapter 2 of the dissertation.  Debris flows from small basins 
can generate a peak discharge in the channel that is many times the peak discharge that would be 
calculated by using the rational equation, Q=CIA, for a clear water flood. This ‘bulking factor’ for 
debris flows is a value that can help designers build more appropriate infrastructure and hazard 
mitigation strategies. With a large database of debris flow peak discharges, statistical analysis 
provides a reasonable ‘bulking factor’ that can be applied to basins that are vulnerable to debris 
flows, especially those burned by wildfire. The scope of the research included a thorough literature 
review of available peak discharge data for debris flows that have been observed and recorded. 
The debris-flow data was analyzed statistically to show if a bulking factor can be used in cases of 
burned and unburned basins.  
Frequency and magnitude relationships for debris flows are instrumental in assessing and 
creating mitigation strategies. One mitigation strategy that is often presented in the literature as a 
viable design is a horizontal dewatering brake structure.  However, little is published about the 
design parameters and effectiveness of the idea. A small-scale flume experiment was undertaken to 
examine the effectiveness and simple design elements needed for a dewatering brake and is 
presented as Chapter 3 of this dissertation. Although not a novel design idea the small-scale testing 
and design considerations that were analyzed are new to the literature. The scope of this research 
was a literature review of current debris-flow mitigation structure design and debris-flow flume 
experiments, as well as the design of a small-scale flume test of a debris-flow dewatering brake. 
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The scale model flume experiment provided data for optimization of the length and aperture of the 
slit openings of the structure.  
These areas complement each other and advance the knowledge of post-wildfire debris 
flows in frequency and magnitude prediction and mitigation strategies. The three topics tie 
together as post-wildfire debris-flow analysis, providing a prediction of future post-wildfire debris-
flow numbers, prediction of peak discharge expected from burned basins, and a potential 



























CHAPTER 2  




Increasing area burned by wildfire and increasing intense precipitation events with 
predicted climate change will produce a significant increase in the number of post-wildfire debris 
flows in the western United States. A positive correlation is shown between an increase in wildfire 
area and numbers of debris flows. The probability of a debris flow being generated from a burned 
watershed is influenced by climate change and with conservative model interpretation post-
wildfire debris-flow probabilities on average by 20.6%, with different climate scenarios increasing 
the probability of post-wildfire debris flows by 1.6% to 38.9%. A predictive debris-flow volume 
equation for the Intermountain West is also influenced by factors that will be affected by climate 
change in the coming decades, and debris-flow volumes are calculated to increase with changing 
conditions by 3% to 52.5%. Understanding the future implications of increased incidence of 






Post-wildfire debris flows are a hazard that can be destructive to property and infrastructure 
for a significant time after a fire has burned an area. In burned areas, debris flows can be triggered 
by low-recurrence-interval rainstorms and can inundate areas downstream within a matter of 
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minutes. The number of post-wildfire debris flows is expected to increase with increased area 
burned by wildfire, and changes in precipitation patterns caused by climate change. For agencies 
concerned with emergency response and communities that reside in the potential path of post-
wildfire debris flows, an indication of how this number will change over the coming decades will 
assist in the hazard and risk assessment in the post-wildfire setting.  
The connection between climate change in the last half of the twentieth century and the 
length of the wildfire season has been addressed by multiple authors in the published literature, 
most notably Westerling et al. (2006). They note that wildfire activity increased suddenly and 
markedly in the mid-1980’s, with higher large-wildfire frequency, longer fire durations, and longer 
wildfire seasons, strongly associated with increased spring and summer temperatures, as seen in 
the graph in Figure 2.1.  
The connection of climate change to the lengthening and intensification of the wildfire 
season, specifically in the western U.S., has also been highlighted recently in popular media outlets 
such as Rolling Stone Magazine (“The Great Burning: How Wildfires are Threatening the West”; 
Aug. 2013), The Christian Science Monitor (“Colorado Fire: Is Global Warming one of the 
Culprits?”; June 2013), USA Today (“Climate Change Increasing Massive Wildfires in the 
West”; April 2014), Salon.com (“Feds: Wildfire Season is expected to go way over budget and 
climate change is to blame”: May 2014), Time.com (“Southern California blaze kicks off what 
could be especially dangerous wildfire season”, May 2014), the Associated Press  (“Federal 
report: climate change increasing wildfire, water supply, and other risks in Northwest”, May 











Despite this recent flurry of media coverage, a review of published literature reveals that 
the connection between increases in wildfire, both frequency and size, and climate change is not a 
new one. The climate, drought and fire connection was becoming emphasized after the devastating 
fires in Yellowstone National Park in 1988 (Meyer et al., 1992; Balling et al., 1992; Millspaugh et 
al., 2000). In 1994, an article in the Journal of Climate concluded that, in a modeled scenario of 2 
times atmospheric CO2, lightning-caused wildfires would increase by 44%, area burned would 
increase by 78%, and all western states would see an increase in lightning-caused wildfires (Price 
and Rind, 1994). Grissino-Mayer et al. (2004) conclude that fire severity, frequency and extent are 
expected to change dramatically in the coming decades in response to changing climatic 
conditions. Littell et al. (2009) states that the total area burned by wildfire, in any given year, is 

































































Annual fires (>1000 acres) ave spring temp (°F) Linear (ave spring temp (°F))
Figure.2.1 The increase of wildfires on USFS land over 1000 acres plotted with the annual spring 
average temperature for the western U.S. The relationship between increasing wildfire numbers 
and increasing temperature in the western U.S. is shown. Reproduced from Westerling et al., 





conclude that the area burned by wildfire, despite the influence of fire suppression, exclusion, and 
fuel treatment, is substantially controlled by climate. Their conclusion that weather and climate are 
the most important factors influencing fire activity is also supported by Flannigan et al. (2005) and 
Morgan et al. (2008). The assertion that future warmer temperatures will increase burned area and 
contribute to an earlier start to a longer wildfire season is strongly supported in the scientific 
literature.  
The dangers of increased wildfire in the West seem immediate and easily defined: smoke 
and pollution, destruction of timber, forage and wildlife habitat, and impacts to water quality. An 
increase in population living at the wildland urban interface (WUI) increases the number of homes 
and property in danger of being destroyed by wildfire, as well as incidences of human caused 
ignitions. However, post-wildfire hazards are not as readily defined or as widely discussed in 
popular media outlets, although it has been shown in many cases throughout the western U.S. that 
landscapes burned by wildfire are especially prone to producing large run-off events including 
floods, hyperconcentrated flows and debris flows (e.g., Cannon et al., 2003; Giraud and 
McDonald, 2007; Moody et al., 2008; Wells, 1987; and Scott, 1971). Within the first few years 
after a fire, intense precipitation (typically brief summer convective storms or cells of high 
intensity rainfall in winter storms) produces runoff from bare, burned slopes, with progressive 
sediment bulking on slopes and in channels (Meyer et al., 2001). These post-wildfire debris-flow 
events also threaten communities and infrastructure at the WUI. For example, the 2009 Station 
Fire in Southern California burned 160,000 acres, 58 homes were lost in the fire and 73 homes 
were lost to subsequent debris flows that were initiated by a winter rain storm (Burns et al., 2011). 
Climate-change models show an increase in temperatures that will lead to more wildfires, 
but they also show a significant change in the precipitation patterns that are known to initiate post-
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wildfire debris flows.  Regional scale climate models predict that the change in the precipitation 
patterns across North America will deliver rainfall in more intense storms. It has been documented 
that precipitation has already changed across North America in the 20
th
 century. Data shows that 
since 1910 precipitation has increased by about 10%, and this change is reflected primarily in the 
heavy and extreme daily precipitation events (Karl and Knight, 1998). Models presented by Meehl 
et al. (2000) predict that precipitation extremes will increase, resulting in a decrease in the return 
period for 20- year extreme precipitation events almost everywhere. This will, for example, reduce 
the return period of 20- year extreme precipitation events to 10 years over North America. Heavy 
rainfall events have become more frequent over the past 50 years, even in locations where the 
mean precipitation has decreased or is unchanged (Chen and Knutson, 2008). Allen and Soden 
(2008) believe that this amplification of rainfall extremes is actually larger than that predicted by 
models, implying that projections of future rainfall extremes in response to anthropogenic global 
warming may be underestimated. These findings are significant for debris flow initiation, as 
Cannon et al. (2008) shows that post-wildfire debris flows require only short recurrence interval 
storms to propagate. Figure 2.2 shows some rainfall intensity and duration thresholds for the 
initiation of debris flows in burned basins in the western U.S., graphed with threshold values for 
floods from burned basins and debris flows from unburned basins throughout the world. The figure 
illustrates that in areas burned by wildfire, the threshold rainfall that can trigger debris flows is 
much lower (colored lines) than the majority of rainfall thresholds reported for unburned basins 










Although a connection between climate change and the increase in wildfires and post-
wildfire debris flows has been suggested in the literature by Cannon and DeGraff (2009), there has 
not yet been a quantitative study that links the area burned by wildfire to the number of debris 
flows generated. Meyer et al. (2001) suggest that periods of heightened debris-flow and flood 
activity in the Ponderosa pine environment of central Idaho are associated with increased 
incidence of large stand-replacing fires, followed by intense thunderstorms or unseasonably warm 
winter or spring storms with rapid snowmelt. They hypothesize that these types of events may all 
increase in frequency with a warming climate, but do not quantify by how many, or how often. 
There is a need to evaluate quantitatively the effects of climate change on wildfire, precipitation, 
Figure.2.2 Comparison of rainfall thresholds for post-wildfire debris-flow initiation (colored 
lines) vs. unburned settings (gray lines). This graph shows thresholds developed for areas in the 
western U.S. burned by wildfire, and worldwide unburned debris-flow initiation (Cannon et al., 
2008). The graph shows that the threshold event for initiation of a debris flow in a burned area is 
lower than most of areas that produced debris flows from unburned watersheds.  Reproduced 




and the resulting debris-flow hazard. Although global climate-change models are at a coarse 
resolution, and regional scale models are not perfected at this time, there are several models that 
show reasonable outcomes on applicable scales that can be used to provide a range of future 
possibilities for temperature and rainfall events.  
The scope of this project is to review wildfire-related debris flow histories to demonstrate 
the relationship of area burned to number of debris flows generated, and then use climate model 
predictions of wildfire increases and rainfall changes to provide a quantitative analysis of debris-
flow occurrence with various models of climate change, wildfire intensity and precipitation 
delivery. The goal of this research is to quantify, within a reasonable prediction range, the 
expected increase in number of debris flows from recently burned basins in the intermountain west 
of the United States. Increase in probability of a debris flow occurring in a burned basin and the 
increase in the volume of debris produced from burned basins under climate-change conditions are  
calculated. Statistical techniques are used to begin to establish a quantifiable and predictive 
relationship between acres burned per wildfire season and number of debris flows expected to be 




2.3 Climate Models 
 
In this preliminary investigation into the effects of climate change on post-wildfire debris 
flow numbers, we examined the published literature for analysis of current climate change models, 
and the predicted changes to wildfire and precipitation occurrences in the western U.S. Climate 
change models are improving in their resolution and accuracy with increasing data inputs and with 
better definition of boundary conditions. Two main model types exist, General Circulation Models 
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(GCM) and Regional Climate Models (RCM); these are used for different modeling scenarios, and 
are available from sources such as the National Center for Atmospheric Research 
(http://ncar.ucar.edu/) and the Hadley Centre for Climate Science 
(http://www.metoffice.gov.uk/publicsector/climate-programme).  
A GCM is a numerical model representing the physical processes in the atmosphere, ocean, 
cryosphere and land surface. GCMs are the most advanced tools currently available for simulating 
the response of the global climate system to increasing greenhouse gas concentrations 
(http://www.ipcc-data.org/). Coupled atmosphere-ocean global climate models (AOGCMs) are the 
modeling tools traditionally used for generating climate change projections and scenarios. 
AOGCMs depict the climate on a coarse resolution of 250-600 km, so many physical processes 
that occur on a smaller scale cannot be modeled unless used in conjunction with nested regional 
models. These nested models have the potential to provide geographically and physically 
consistent estimates of regional climate change that are required in impact analysis.  
RCMs provide a higher spatial/temporal resolution and are often a better representation of some 
weather extremes than GCMs. What is commonly referred to as nested regional climate modeling 
technique consists of using output from global model simulations to provide initial conditions and 
time-dependent lateral meteorological boundary conditions to drive high-resolution RCM 
simulations for selected time periods of the global model run. Sea surface temperature (SST), sea 
ice, greenhouse gas (GHG) and aerosol forcing, as well as initial soil conditions, are also provided 
by the driving AOGCM (Mearns et al., 2003). These regional climate simulations can be applied to 
the prediction of fire conditions and regional precipitation patterns.  
Another technique for obtaining regional predictions is statistic or dynamic downscaling; 
this provides high spatial resolution information in non-uniform regional climate models (Mearns 
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et al., 2003). There is a potential with this technique to address a diverse range of variables. One of 
the primary advantages of these techniques is that they are computationally inexpensive, and thus 
can be easily applied to output from different GCM experiments. Another advantage is that they 
can be used to provide specific local information (e.g., points, catchments), which in many 
climate-change impact studies is the most applicable outcome. The applications of downscaling 
techniques vary widely with respect to regions, spatial and temporal scales, type of predictors and 
predictands, and climate statistics, and there are disadvantages such as assuming consistency of 
empirical relationships in the future (Mearns et al., 2003). Fowler et al. (2007), Maraun et al. 
(2010), Chen and Knutson, (2008) are a few examples of publications that provide a thorough 
review and assessment of different downscaling techniques and their application to hydrological 
modeling. These studies address ultimately how model data inputs and results can be best used to 
enable stakeholders, managers and other end users of the climate models to make informed robust 
decisions on adaptation and mitigation strategies. 
There is an extensive library in the published literature on climate model types, the use and 
effectiveness of climate models, and their general applicability. It is not the purpose of this paper 
to review all methods, benefits and limitations of global and regional scale climate models. The 
selected models used to assess potential future scenarios for post-wildfire debris flows and the 




2.3.1 Climate and fire models 
 
Fire frequency, severity and burned area extent have been shown to be increasing in the last 
half of the 20
th
 and first decade of the 21
st
 century. Climate Central 
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(http://www.climatecentral.org/) has compiled and made available to the general public the results 
of historical data analysis for temperature and fire area, as well as numbers of large wildfires in the 
western U.S. The 2012 summary of western wildfires by Climate Central provides a review of the 
length of wildfire season and the climatic factors affecting it, including increasing temperatures 
and the resulting earlier spring snowmelt. Climate models consistently predict that the Western 
U.S. will get hotter and drier, and with this the fire season will get longer and the amount of area 
burned each year will increase. 
Flannigan et al. (2000) uses two transient GCMs (the Hadley Centre and the Canadian 
GCM) to estimate fire season severity in the middle of the century for North America. Fire Season 
Severity Rating (SSR) is an index to examine changes in fire severity recognizing that the fire 
regime at any given location is the result of complex interactions between fuel, topography, 
ignitions and weather. The SSR is a component of the Canadian forest fire weather index, and is 
essentially the seasonal mean of the daily estimate of the control difficulty of a potential fire, in 
generalized fuel types. The fire severity assessment is a proxy measurement of the potential 
intensity of a fire. The fuels moisture models form the core of the fire weather index, with 
consideration of multiple other fire-related factors. Both of the GCMs used by Flannigan et al. 
(2000) suggest an increase in SSR of 10-50% across much of North America by 2060. They 
research conclude that the fire season will start earlier in the year and extend longer into autumn, 
resulting in universal increases in area burned and fire intensity/severity.  
Brown et al. (2004) employ a high-temporal resolution meteorological output from the 
Parallel Climate Model (PCM) to assess changes in wildland fire danger across the western U.S. 
due to climatic changes in the 21
st
 century. The authors compare the base period (1975- 1996) to 
predicted outputs from the GCM using the USDA/USFS National Fire danger rating system 
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(NFDRS), which focuses on the Energy Release Component (ERC), an indicator of fire severity 
(amount and extent of fire) and fire business (decisions, economies, treatments). Changes in 
relative humidity, especially drying over much of the West, are projected to increase the number of 
days of high fire danger in comparison to the base period.  The research presented shows that the 
climate models used can be applied to future fire danger evaluation, and that nearly the entire 
western U.S. is projected to experience increases, by as much as two weeks, in the number of days 
that the threshold for large expensive fires is exceeded.  
Fried et al. (2004) present research using GCM output to estimate the impact of climate 
change on wildland fire in Northern California. The Changed Climate Fire Modeling System 
(CCFMS) models potential fire behavior based on weather, fuel conditions, and slope for the 
historical weather and the climate change scenario. This model bridges the differences in the 
spatial and temporal scales of climate model output and historical fire data to model fire behavior, 
fire suppression, and outcomes of individual fires. Conclusions indicate that warmer and windier 
conditions corresponding to a 2xCO2 scenario produce fires that burned more intensely and spread 
faster in most locations. Changes in area burned were on average increased by 5000 hectares. The 
best-case forecast from this study is a 50% increase in area burned and an over 100% increase in 
fire escape frequency. Representative fires were modeled to arrive at precise estimates of the 
frequency of escapes and other statistics that cannot be estimated by modeling average fire 
characteristics. For the northern California region, it was shown that there is an expected 34% 
increase in area burned from fires in grass and brush, and a 65% increase in area of oak woodland 






2.3.2 Climate and precipitation models 
 
Far more abundant in the published literature are studies that seek to model the changes in 
precipitation and the hydrologic cycle with changing climate. Water resource availability, drought, 
and changes in rainfall and snow accumulation are important considerations for the western U.S., 
these factors affect wildfire scenarios as well as post-wildfire runoff and erosion, including debris 
flows. Changes to precipitation patterns have been documented for the past decades, and are 
expected to change in the coming decades with an increase in atmospheric CO2. Trenberth et al. 
(2003) substantiate that the incidence of heavy rainfall has steadily increased at the expense of 
moderate rainfall events throughout the 20
th
 century, and on the basis of evaporation and 
temperature relationships, they conclude that all weather systems, from individual clouds and 
thunderstorms to extratropical cyclones, are likely to produce correspondingly enhanced 
precipitation rates with increased atmospheric CO2. Meehl et al. (2000) find that early models that 
show global increase in precipitation are supported with consistent results from newer models; 
precipitation extremes increase more than the mean, resulting in a decrease in return period for 20-
year extreme precipitation events almost everywhere (e.g. to 10 years over North America). 
Leung et al. (2004) use a regional scale climate model to assess the impacts of climate 
change on the western U.S.  In their research they use The Penn State/NCAR Mesoscale Model 
(MM5) to downscale the original NCAR/DOE Parallel Climate Model (PCM).  This strategy 
yields ensemble regional climate simulations at 40km spatial resolution for the western U.S. 
Results from this model show an average warming of 1-2.5 Celsius, and an increase in cold season 
extreme daily precipitation by 5-15 mm/day (15-20%) along the Cascades and Sierra. The overall 
warming in the west will result in increased rainfall at the expense of snowfall. The conditions 
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caused by warmer temperatures, such as less snow for spring runoff, reduced soil moisture in the 
summer, and more intense precipitation are all common model outputs for the western U.S.  
Dynamic downscaling presented by Kim (2005) is used as a means to predict the effects of 
climate change on extreme hydrologic events in the western U.S. To obtain regional scale climate 
change signals, Kim (2005) uses two GCMs downscaled using a RCM employed for dynamic 
downscaling. This model was found to show good agreement in hindcast without significant biases 
on the projected climate change signals. The conclusions of this model evaluation suggest that 
heavy precipitation events are likely to increase under increased CO2 climate conditions, most 
notably in the mountainous regions along the Pacific Ocean and the Sierra Nevada, and the largest 
increases in heavy and extreme precipitation occur during the fall and winter. The important 
relationship demonstrated is that both the number of wet days and the mean intensity of each event 
will increase, causing the precipitation-intensity frequency distributions to shift toward higher 
values.  
Models used for flood risk and streamflow timing in the western U.S. are presented by 
Hamlet and Lettenmaier (2007) and Hidalgo et al. (2009), respectively. These papers explore the 
differences in observed shifts in the delivery and timing of precipitation, and the model predictions 
for changes across the western U.S. Both studies show that climate change and variability will 
affect drainage basins by increasing rain events, decreasing snow pack, and increasing flood risk 
over much of the West. They also note that evolving flood risks will impact design standards, 
flood-inundation mapping, and water planning and will also result in substantial changes to 
sediment transport and channel formation processes.  
Nearing (2001) takes a soil conservation approach to the changing delivery of precipitation 
with an evaluation of rainfall erosivity using climate models. The research presented uses two 
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coupled Atmospheric-Ocean Global Climate Models (UK Hadley Center and the Canadian Centre 
for Climate Modeling and Analysis) as the basis for change in rainfall delivery and the Revised 
Universal Soil Loss Equation to calculate potential soil erosion rates. Conclusions from this 
research show that warmer atmospheric temperatures will lead to a more vigorous hydrologic 
cycle including more extreme rainfall events.  
The published literature provides many types of models and predictive methodologies for 
precipitation under climate change conditions both globally (e.g. Meehl et al., 2000; Trenberth et 
al., 2003; Kharin et al, 2007; Allan and Soden, 2008) and regionally (e.g. Kim, 2005; Snyder and 
Sloan, 2005; Bell and Sloan, 2006; Chen and Knutson, 2008). The majority of the model outputs 
show an increase in precipitation that is delivered as higher intensity rainstorms. This has been a 
measured trend across the western U.S. in the past decades and is expected to keep trending to 




2.4 Debris flow initiation in burned areas  
 
The relationship between wildfires and debris flows is well established (Spittler, 1995; 
Cannon, 2001; Cannon and Gartner, 2005; Shakesby and Doerr, 2006; Cannon et al., 2010), and 
the reasons that debris flows are common in burned basins are also well described in the literature 
(Wells, 1987; Wondzell and king, 2003; Shakesby and Doerr, 2006). Areas that have been burned 
by wildfire are susceptible to debris-flow initiation because of several factors, including decreased 
rainfall interception by vegetation, decreased soil infiltration capacity and stability, and the 
potential for hydrophobic layers at shallow depths that promote run-off and rilling (Moody and 
Martin, 2001, Ebel and Moody, 2013). Post-wildfire debris flows are most common in the first 
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two-years after a fire (Cannon et al., 2003) and are usually triggered by short duration, high-
intensity rainfall.  
Post-wildfire debris flows often occur with little antecedent moisture and generally have no 
identifiable initiation source, such as a distinct landslide scar (Cannon et al., 2008). Short-duration, 
high intensity convective storms with recurrence intervals of two years or less have been shown to 
create a debris-flow response from burned basins in the Western U.S. Frontal storms are also 
shown to trigger debris flows with low-intensity, longer -duration rainfall, still with a recurrence 
interval of less than two years (Cannon et al., 2008). The threshold rainfall conditions for floods 
and debris flows from burned areas are lowest in the first two years following the fire and then 
increase as fire recovery begins (Gartner et al., 2004). In southern California as little as 7 mm of 
rainfall in 30 minutes has triggered debris flows, and any storm that has intensities greater than 
about 10 mm per hour is a risk of producing a debris flow (USGS fact sheet 2005-3106). Debris 
flows were produced from 25 recently burned watersheds in Colorado in response to 13 short-
duration, high intensity convective storms and after as little as 6 to 10 minutes of storm rainfall 
(Cannon et al., 2008).  Cannon (2001) shows that of 95 post-wildfire areas studied, 37 drainages 
produced debris flows, and of those 23 were considered the more destructive type that transport 
materials up to and including boulders. These destructive types of erosional responses from burned 
areas are the focus of this study because of the potential impacts with an increase in number of 
events.  
The emergency assessment of the debris-flow hazards from drainage basins burned by 
wildfires has been refined and used in many instances by the U.S. Geological Survey (Cannon et 
al., 2010; Staley, 2013 and 2014; Staley et al., 2013; Skinner, 2013) and BAER (Burned Area 
Emergency Response) teams (DeGraff et al., 2007). Empirical models, that can be used to 
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calculate the probability of debris-flow production from individual drainage basins in response to 
given storms, have been developed from data from burned areas in the intermountain west; 
Cannon et al. (2010) describes the development of a logistical regression multivariate statistical 
model for estimating debris flow probability. The analyses consider and evaluate a set of 
independent variables that potentially characterize runoff processes in burned basins including: 
basin gradient, basin aspect, burn severity distribution within the basin, soil properties, and storm 
rainfall conditions. Cannon et al., (2010) identified 5 statistically significant multivariate models 
that incorporate the variables most strongly correlated with debris-flow occurrence.  The 
percentage of the basin burned at a combination of high and moderate severity and the average 
storm intensity were significant in every model. The 5 models provide varying results for specific 
locations so application of the correct model to the correct area is important for the most applicable 
results. These probability models can be applied to assess the changes likely in debris-flow 







 This section explains the data acquisition and analysis for the understanding of the 






2.5.1 Data acquisition, post-wildfire debris flows 
 
Records of wildfires that produced debris flows in western North America, specifically 
including Washington, Oregon, Idaho, Montana, Utah, Arizona, New Mexico, California and 
Colorado as well as data from British Colombia, Canada were compiled into a database using 
published reports, other wildfire studies, and information that was available online and in news 
reports. The main sources for data in the final catalog of post-wildfire debris-flow events included 
a USGS open file report that compiles post-wildfire run off data 
(http://pubs.usgs.gov/of/2004/1085/Database.htm, Gartner et al., 2004 ), the Interagency Fire 
Center (http://www.nifc.gov/fireInfo/fireInfo_statistics.html ), and Riley et al. (2013), who 
compiled debris-flow data for a worldwide comparison of frequency-magnitude distribution. Other 
events were found through various news reports of ‘mudslides’ that had occurred after a fire; in 
these cases the event was only recorded as a debris flow if the report mentioned mud, debris, and 
boulders. In cases where a report mentioned post-wildfire debris flows but was non-specific 
regarding the number of debris flows generated, it was recorded in the database as one single 
debris-flow event, to provide a conservative data point. Attributes that were collected for analysis 
include: fire size in acres burned and number of debris flows produced from that burned area. In 
most cases the record of the intensity of the initiating rainfall was not available or was generalized 
as a ‘strong’ storm, or intense ‘cloud burst storm’. The resulting data set (DS1) is small and likely 
incomplete, containing 50 fires and 355 individual debris-flow events, and only spanning a time 
frame of 40 years (Table A-1).  Nevertheless, it provides a reliable starting point to judge the 






2.5.2 Database analysis 
 
Statistical analysis was performed to establish if the total compiled dataset, DS1, could 
demonstrate a significant relationship between wildfire burned area and number of debris flows 
generated. The first statistical test was to establish if acres burned explains the number of debris 
flows within this dataset. Other statistical tests involved examining the log-log relationship, 
regression analysis, non-parametric correlation, and time-dependent analysis for both fire area, and 




2.5.3 Analysis of better-documented post-wildfire debris flows 
 
After a thorough literature review and consideration of the biases in reporting and 
recording of post-wildfire debris flows it was concluded that a subset of the total collected data 
may better represent the actual number of debris flows that are generated per fire area. This subset, 
DS2, includes 16 cases considered to be better-documented fire areas (Table 2.1). These specific 
cases were chosen to represent a more accurate data set because in each case researchers have gone 
into the field to map, monitor, and document the erosional responses of the total fire area. These 
better-documented areas record a higher accuracy for the total number of debris-flow events or 
basins producing debris flows, and not just those that had an impact on infrastructure or property. 
Although considered better-documented overall, in some cases multiple debris flows from a single 
basin may be considered a single debris-flow record, therefore this data set records minimum 
numbers for individual debris flows from a burned area, and thus a conservative record of number 
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of debris flows overall. This subset includes fires that span a time frame from 1994 to 2010. 
Statistical analysis of this data included a linear mixed effect model that takes into account the 
random effects for intercept by state. The log-log fit was done by REML with an Akaike 





2.5.4 Analysis of post-wildfire debris-flow probabilities 
 
To assess the potential changes in debris-flow occurrence with climate change and the 
change in debris flow volumes expected, a hypothetical basin was created as an average from data 
collected for 16 basins burned by the Hat Creek Fire in Idaho, in 2003 (Cannon et al., 2010). These 
average basin values were used in three predictive model equations from Cannon et al., (2010) to 
establish the baseline numbers from which to measure the percent increase in debris-flow 
probability and debris-flow volume with climate change. This strategy was employed because 
using the model coefficients with a 1 in the variables place did not produce usable values for 
comparison; a baseline value was created from the ‘average’ basin data. The variables averaged 
from the Hat Creek Fire basins were basin area with gradient greater than 30%, basin ruggedness, 
percentage clay content and liquid limit of the soil, percent area burned at moderate and high 
severity, and rainfall intensity. The latter two variables were the two values changed based on the 
percentage increase with predicted climate change values. These baseline average values were also 
used to calculate the percent increase in predicted debris-flow volumes from a hypothetical basin 





Table 2.1 DS2, A subset of data focusing on well-documented post-wildfire debris flow areas. 
These specific areas were measured and monitored, post-wildfire, to assess the drainage basin 
response. This data set was deemed more reliable, although it has a limited number of regions and 
authors represented, because the reports record all debris-flow events and not just those that had 
impacted humans. 
  
Table 2.1  Well-studied post-wildfire debris flow areas 
State  Year of 
debris 
flows 













      
CO 1994 South Canyon/Glenwood¹ 2115 6 2.837E-03 
NM 1996 Dome Fire¹ 16516 1 6.055E-05 
CA 1997 Baker Fire¹ 6150 1 1.626E-04 
MT 2000 Bear/Bitterroot Complex² 300000 35 1.167E-04 
NM 2000 Cerro Grande Fire³ 47650 5 1.049E-04 
CO 2002 Coal Seam Fire⁴ 12200 15 1.230E-03 
UT 2002 Mollie (2001)⁵ 8000 10 1.250E-03 
CO 2002 Missionary Ridge Fire⁴ 73000 13 1.781E-04 
CA 2003 Grand Prix/Old Fire⁶ 150729 47 3.118E-04 
BC 2003 Okanagan Mountain Park⁷ 64030 2 3.124E-05 
BC 2004 Cedar Hills Fire (2003)⁷ 4003 1 2.498E-04 
BC 2004 Kuskonook (2003)⁷ 11940 2 1.675E-04 
BC 2004 Lamb Creek (2003)⁷ 29361 1 3.406E-05 
BC 2005 Ingersoll (2003)⁷ 18063 12 6.643E-04 
ID 2009 Castle Rock Fire (2007)² 48520 20 4.122E-04 
CA 2010 Station Fire (2009)⁸ 160577 57 3.550E-04 
      
references 
¹Cannon, 2001 
²Riley et al., 2013 
³Gartner et al., 2005 
⁴Cannon et al., 2003 
⁵McDonald and Giraud,  2007 
⁶Cannon et al., 2008 









A review of the literature that sought to pinpoint the changes in wildfire occurrence, length, 
and severity with climate change resulted in a wide variety of future scenarios over a range of 
spatial and temporal scales. The overall consensus in the literature is that wildfire season will get 
longer, and more severe wildfires will occur with increasing frequency in the future decades, both 
worldwide and in the western U.S. It is difficult to obtain one definitive predictive equation for the 
increase in fire danger, length of season, or fire area because researchers use different models and 
criteria for assessment of future fire hazard; such as the ERC or the SSR systems.  Researchers do 
note that vegetation types, amount and structure influence the fire regime characteristics; therefore 
any changes in vegetation due to climate or fire would have a feedback on the fire regime. Human 
activities such as fire management policies and effectiveness will continue to change. Other human 
influences such as forest conversion and fragmentation will also influence the fire regime. For the 
examination below on post-wildfire debris flow numbers the fire regime will be considered to 
follow the current trend and the predicted models, to 2050, without the potential feedback 
mechanisms of longer-term vegetative changes due to climate and fire changes.  
Because of the established relationship of wildfire area, burn severity, and debris flow 
generation, a few different model results were chosen to represent the future changes to wildfire 
area and severity in the coming decades. The two models presented by Flannigan (2000), both 
GCM, use coarse resolution (400km) and give a basis for general expected increases for burned 
area in the western U.S. with 2 x CO2 by mid-century, 2050. Holding other factors constant, the 
predicted higher Seasonal Severity Rating will increase burned areas by 10% in the western U.S. 
These predictions of future fire regime are more conservative than the results from the National 
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Research Council (NRC) as summarized by Climate Central, which state that for every 1 degree 
Celsius of temperature rise in the West, the wildfire burn area could quadruple. The IPCC 5
th
 
assessment report predicts a range of warming of 1.5 – 5.8° C by mid-century for North America, 
which would translate to a 400 - 2000% increase in wildfire burn area by 2050, using the NRC 
estimate. The regional forecast for California as presented by Fried et al. (2004) uses a finer 
resolution model that focuses on California’s landscape and predicts fire behavior based on 
weather, fuels and slope. The results of this study show an increase, on average, of 50% in area 
burned per fire in California with climate change. Fried et al. (2004) warn that these estimates are 
a minimum expected change or the ‘best-case’ forecast. For this study we use the end members of 
10% and 400% fire area increase as low end, and conservative high end value for analysis of the 
potential change in probability of post-wildfire debris flows.  
Precipitation models almost universally show that with a warming atmosphere the 
hydrologic cycle will have increased heavy precipitation events, mostly at the expense of other 
forms of precipitation. The trend toward increased rainfall has been documented and is expected to 
continue in most areas of the western U.S. Climate change is expected to affect the delivery of 
moisture seasonally, resulting in wetter falls and springs and drier summers and winters. The IPCC 
5
th
 assessment report (Christensen, et al 2013) includes a chapter on regional climate phenomena 
and the conclusion presented is that there will be precipitation increases across the West by mid-
century in both July and August (+ 0.1 mm/day °C
-1
) and December, January, and February (+0.1 
to +0.4 mm/day °C
-1
). Based on the report’s predicted range of warming, +1.5° – +5.8°C, the 
rainfall amounts would increase in the summer months by a range of 0.15 - 0.58 mm/day, and a 
range in the winter months of 0.15 - 2.32 mm/day. 
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It is difficult to apply GCMs and even most regional scale models to precipitation patterns 
for the West because the general coarse resolution of the models does not accurately reflect the 
diversity of topography and orographic influences across mountain ranges. For the analysis 
presented in this paper, a range of percentage increase in extreme events will be applied to debris-
flow predictive models to calculate the percentage increase in debris flow probability. Increases in 
heavy and extreme highest 1-day precipitation events in areas of the West will be in the range of 
3.5% (Karl and Knight, 1998) to 50% (Kim, 2005), in keeping with the recorded trend. These 
heavy and extreme 1-day events have defined thresholds of 50.8 mm/day and 101.6 mm/day, 
respectively (Kim, 2005). These thresholds are well above debris-flow triggering thresholds 
defined by Cannon et al. (2008, 2010) for parts of the Western U.S., who showed that many debris 
flows from burned areas are triggered by events as small as the 2 year recurrence storm, which is a 




2.6.1 Data set analysis 
 
Statistical analysis of DS1 did not result in a significant relationship between burned area 
and number of post-wildfire debris flows. The data was assessed with a variety of statistical 
methods, without response, to answer the question whether acres burned adequately explains the 
number of debris flows. The data set is non-normally distributed, and even a log-log analysis is 
strongly right skewed. Analysis of this data does show an increase in total fire area over time, a 
result which is supported in the literature, but does not show that the number of debris flows 
recorded is also increasing with time. So the initial hypothesis, that if fires are increasing in size 
then numbers of post-wild fire debris flows will also increase, does not hold statistically true for 
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this data set. There may be many reasons for the skewness of the data and the lack of correlation 
within the record. It is believed that the main reason for this lack of correlation is the incomplete 
record of total numbers of debris flows from burned areas. Reports are biased toward including 
only debris flows that actually impact infrastructure such as houses and roads. For example, two 
debris flows are included in the USGS database of post-wildfire debris flows (OFR 2004-2085) 
originating from the 1988 Peak fire in the Huachuca Mountains in Arizona. However, in the report 
by Wohl and Pearthree (1991) studying the geomorphic effects of these post-wildfire debris flows 
it is evident that many more debris flows were observed in the field (although a specific number is 
not given), but only the two that impacted personal property are recorded as significant. Youberg 
(2014) confirms that there were 29 total debris flows from this fire area, but only two were 
highlighted. 
Using DS2, the relationship between the size of the fire and the number of resulting debris-
flows originating from the burned area is slightly more apparent (Figure 2.3). This is likely due to 
the fact that only a better-documented and reported area will record all the individual flow events 
and not just those that had an impact. The statistical analysis using a mixed-effects model on a log-
log scale with random effects for intercept by state does produce a positive slope with a 95% 
confidence interval. The fit by REML had an AIC of 56.83. This confirms that within DS2 there is 
a statistically supported relationship between fire area and number of debris flows initiated. The 
bias in this small data set is readily apparent; there is a lack of historical coverage over 20 years 
old and it is limited to only a few states and researchers. That is why it is presented as a trend line, 
rather than a statistically significant line with an equation that would indicate some predictive 
application.  It is, however, a reasonable starting place for establishing a relationship between burn 
area and number of debris flows. As has been observed in the state of Arizona, the increase in 
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larger fires increases the area burned at high severity, which in turn increases the number of 





2.6.2 Predicting post-wildfire debris-flow potential and volume estimates with climate change 
models 
 
As outlined above, climate change models predict an increase in overall fire area as well as 
increasing intensity of each particular fire due to low moisture conditions and changing seasonal 
warming patterns through the end of this century. This will increase both the number of acres 
burned at moderate to high severity and the number of individual watershed basins included in 
Figure 2.3 The relationship between number of acres burned in a wildfire and the number of 
debris flows in log-log space.  The line shows the trend for this data set. Although found to be 
statistically significant the relationship should not be used for predictive purposes. Graph 




each fire area. The overall predicted increase in area burned/area burned at high severity within 
each basin can be applied to predictive models for post-wildfire debris flows in the intermountain 
west, as presented by Cannon et al. (2010). The predictive models for the probability that a basin 
burned by wildfire will produce a debris flow also include a rainfall intensity measurement that 
will influence the likelihood of a debris flow produced from a burned basin. The majority of 
climate change models evaluated predict that most areas in the western U.S. will receive higher 
intensity rainstorms and higher overall rainfall totals in the coming decades.  
The probability equations for a debris flow being produced from a burned basin are a 
function of several variables including: gradient, ruggedness, percent area burned at high to 
moderate severity, average rainfall intensity, clay content and liquid limit of overburden material 




, where x equals the combination 
(Bixi) of the values for the independent variables (xi) and the logistic regression coefficients (Bi). 
Five models were found to be statistically significant with a different combination of variables 
strongly correlated to debris-flow occurrence.  
Using the 3 models that produced the highest predictive strength as presented by Cannon et 
al. (2010), the increased probability of a burned basin producing a debris flow was calculated with 
respect to the range of what is predicted by climate change models (Table 2.2). To assess the 
increase in the probability of a debris flow happening in a particular basin a hypothetical basin was 
evaluated. Values for the independent variables were created as averages from 16 basins burned by 
the Hot Creek Fire in Idaho (Cannon et al 2010). The increase in percentage burned area, and 
intensity of rainfall event, based on the climate change projections, were added to establish the 
percentage change or increase in the probability of a debris flow being produced. Four scenarios 
were evaluated: the smallest predicted change in severe burn area and rainfall intensity, the largest 
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change in burn area and smallest rainfall intensity, the smallest burn area change and largest 
rainfall intensity increase, and the worst case scenario of the largest increase in severe burn area 
and largest increase in rainfall intensity. Evaluation using these models indicates the probability of 
a post-wildfire debris flow occurring in an “average” drainage basin will on average by 20.6%, 
with different climate scenarios increasing the probability of post-wildfire debris flows by 1.6% to 
38.9%. with predicted changes in fire regime and precipitation with climate change. These 
numbers are conservative estimates based on the range of increases proposed by the climate 
models investigated above.  Since these increases are associated with each individual basin, the 
likelihood of a debris flow occurring across an entire burned watershed consisting of numerous 
basins is much higher. 
In all 5 models the regression coefficients associated with the independent variables of 
percentage of basin burned at high severity and average storm intensity are positive, therefore any 
increase in the value for the independent variable will result in an increase in the overall 
probability of a debris flow occurrence. Models A and C were found to be the strongest predictors 
of debris flow probability when tested on a burned area in Idaho that experienced a convective 
summer thunderstorm (Cannon et al., 2010). These models start with a high probability, 85.6% and 
96.3% for A and C, respectively, of a basin producing a post-wildfire debris flow, and increase to 
100% probability with climate change increases in burn severity and rainfall intensity. Model B 
starts with a low overall probability of the basin producing a debris flow, 0.7%, but showed the 
largest increase, +98.7%, in debris flow probability with the increased high severity burn area and 
high rainfall intensity. Models A and C start with a high probability so have little room to show an 
increase, and Model B probably under predicts most scenarios initially. A rough estimation of the 
increase in debris-flow probability is the average of the of the three models across the 4 different 
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climate change scenarios, giving the resulting 20.6% increase in debris flow probability, with a 
range of 1.6% to 38.9 % increase. Friedman and Santi (2014) applied the average of these three 
models in the assessment of post-wildfire debris flows in Great Sand Dunes National Park. 
 
Table 2.2  Evaluation of debris-flow probabilities from a hypothetical burned basin using 3 models 
presented by Cannon et al. (2010). The probability that a burned area will produce a debris flow is 
positively correlated to the area burned at high severity and the rainfall intensity; both variables are 
predicted to increase with climate change in future decades. 
 
Model  A: x= [ -0.7+0.03(%A) -1.6 (R) +0.06(%B) +0.07(I)+0.2(C) -0.4 (LL)] 
Model B: x= [-7.6 -1.10(R) +0.06(%B) +0.09(C) -1.4(O) +0.06(I)] 






%A = area of basin with gradients >30% 
R= ruggedness 
%B = Percentage of area burned at moderate to high severity 
I = Average storm intensity (mm/hr) 
C = clay content (percent) 
LL = liquid limit (percent) 
O= organic matter (percent) 
HG= hydrologic group 
 
Low B = 10% increase in severe burn area, High B = 400% increase in severe burn area 
Low I = 3.5% increase in rainfall intensity, High I = 50% increase in rainfall intensity 
 
 




 +0.3, is presented as a way to 
predict the volume of material deposited by a post-wildfire debris flow, and is applicable to the 
 Model A Model B Model C  
Base probability 85.6% 0.7% 96.3% scenario averages 
Low B/Low I 89.4% (+3.8%) 1.1% (+0.3%) 97.2% (+0.9%) 1.6% 
High B /Low I 100% (+14.4%) 99.2% (+98.5%) 100% (+3.7%) 38.9% 
Low B/High I 92.2.4% (+6.6%) 1.4% (+0.7%) 98.0% (1.7%) 3% 
High B/High I 100% (+14.4%) 99.4% (+98.7%) 100% (+3.7%) 38.9% 
Model averages 9.8% 49.5% 2.5% 20.6% 
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Intermountain West (Cannon et al., 2010). Two parameters in the equation will be affected by 
climate change across the West; B, the area (km
2
) of a basin burned at high and moderate severity 
and T the total storm rainfall (in mm). The coefficients for both B and T are positive, so any 
increase in the value of the variable will, in turn, increase the total predicted volume of the debris 
flow. Applying the same percentage increases in fire area burned and rainfall intensity to this 
equation the predicted increases in debris-flow mean volumes will be in the range of 3.7% for the 
lowest change and 52.5% for the largest increases. These numbers are not meant to be predictive 
or universally applied to all debris flow basins but to rather give a sense of the range of possibility 
in the calculations of future debris-flow hazards from burned areas. The amount of debris 
mobilized from a burned basin is influenced by the severity of the burn and the rainfall event, but 
can also be influenced by the debris supply conditions on the slope and in the channel (Bovis and 
Jakob, 1999). A basin that has produced many flows in the past may produce smaller volume flows 






A quantification of the future impact of climate change on the number of post-wildfire 
debris flows shows a positive correlation between wildfire size and number of debris flows 
generated. Climate change is expected to increase the probability of a debris flow occurring in an 
individual burned basin by 20.6%, on average, and to increase the debris-flow volume expected to 
be generated from a burned watershed by 3% to 52.5%, conservatively. Climate change will 
influence the post-wildfire debris-flow hazard across the intermountain west. Areas that will 
experience larger more intense fires are more susceptible to debris flows. This study and others 
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like it are important for the identification and quantification of the impacts that climate change will 
have on hazard and risk assessment at a regional or local level.  
The limitations of this study are the small data set representing post-wildfire debris flows, 
and the generality of most of the climate models available. Future research should be conducted in 
this area to better predict the aerial concentration of post-wildfire debris flows, and to locate 
specific vulnerable areas to the fire and precipitation changes that lead to debris-flow generation. 
There is a growing published library on climate model applicability and advantages and 
disadvantages of each model and its outcomes. There are also ever expanding sources of data 
available for inputs into models to make them more accurate and better represent real and future 
scenarios. A climate change model run specifically to target areas vulnerable to the overlap of fire 
increases and precipitation changes that could result infrastructure-damaging debris flows could be 












CHAPTER 3  






 Compilation of a large database of debris-flow peak discharges (Q) allowed for a 
comparison with the expected basin discharge as computed using the rational equation, Q=CIA. 
The observed values of Q for debris flows in unburned and burned areas were divided by the 
computed Q values of runoff using the rational method. This ratio is the ‘bulking factor’ for that 
debris-flow event. It is shown that unburned and burned basins constitute two distinct populations 
for debris–flow bulking, and that the bulking factors for burned areas are consistently higher than 
for unburned basins. Previously published bulking factors for unburned areas fit the data set in 
about 50% of the observed cases from the compiled data set. Conversely,  the bulking factors for 
burned areas that were found in the published literature were well below the increases seen  in over  
half of the cases investigated in this study, and would result in a significant underestimation of the 
peak discharge from a burned basin for the given rainfall intensity. Peak discharge bulking rates 






Debris flows are dangerous and fast-moving natural hazards that can severely impact 
infrastructure that is not designed to accommodate the increased flow volumes, velocities, and 
peak discharges associated with these events. Peak discharge of a debris-flow event can be many 
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times that of a water-flood event (Hungr, 2000; VanDine, 1985; Ikeya, 1989; Shuirman and 
Slosson, 1992; Wilford et al., 2004). Estimation of peak discharges is of vital importance in a 
practical debris-flow study, as it determines the maximum velocity and flow depth, momentum, 
impact forces, ability to overrun channel walls and barriers, as well as factoring into run-out 
distances and potential inundation area (Hungr, 2000; VanDine, 1996).  
There has been a documented increase in numbers and populations of communities located 
at the wildland urban interface (WUI); where homes are built on alluvial fans, at the mouths of the 
canyons, and close to the outlets of both ephemeral and perennial basins, where fire,  flooding, and 
debris-flow hazards are increased (Theobald and Romme, 2007). As communities expand into 
these marginal areas it follows that design considerations for culverts, bridges, roads, and surface 
drainage, as well as mitigation design for predicted floods and debris flows must have some 
estimation of the peak discharge expected from the creek, river, stream, or canyon at its outlet. 
Peak discharge from both water floods and debris flows can be dangerous, and can impact these 
mountain front areas causing costly damage to infrastructure where these increased flows are not 
accommodated. For example, just two of the many 2000-2004 fire related debris flows in Northern 
Utah, along the Wasatch Mountain front, caused $500,000 in damages including damaged property 
and houses; impact to vehicles; sediment deposition in houses, on lots and streets; sediment 
plugged storm- water system; partial filling of irrigation canals and storm water basins; and 
flooding related to partially blocked irrigation canals (McDonald and Giraud, 2002).  
Increasing numbers of debris flows create an overall greater risk to humanity. These 
numbers can be expected to increase within the coming decades for two reasons: more people 
living in the WUI, as mentioned above, and effects of climate change. Climate change is 
increasing the occurrence of mud and debris flows around the world by changing average 
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temperatures and precipitation patterns (Evans and Clague, 1994; Sidorova, 1997; Rebetez et al., 
1997; Yafyazova, 2003; Winter, 2008; Nunes et al., 2009; Shinohara, 2009; Jakob and Lambert, 
2009), and by increasing the occurrence and size of wildfires (Westerling, 2006) which leads to an 
increase in the probability of debris flows (Wells, 1987; Cannon and Gartner, 2005).  
Many debris-flow hazard assessments are concerned with the estimation of the volume of 
debris involved in a debris-flow event, and its potential run-out distance (Rickenmann, 1999; 
Ikeya, 1989; Schilling and Iverson, 1997). These values help establish a hazard zone of potential 
impacts. Approximations of debris-flow volumes can also provide rough estimates of the 
associated peak discharge, travel distance, and runout distance on a fan (Johnson et al., 1991; 
VanDine, 1996). As with flood frequencies, a range of debris-flow volumes that are expected to 
occur can be paired with their respective probabilities (Rickenmann, 1999). Riley et al. (2013) 
compiled a database of debris-flow volumes to assess the frequency–magnitude (FM) relationships 
of debris flows around the world; this data was used to compare these relationships with FM 
relationships of post-wildfire debris flows in the Western U.S. The analysis of this large database 
resulted in the conclusion that post-wildfire debris flows are more frequent but generally smaller in 
volume than other debris flows (Riley et al., 2013). In contrast, Santi and Morandi (2013) showed 
increased debris-flow volumes of 2 to 5 times in burned areas over unburned areas when 
normalized for basin area, channel length, and channel gradient.  In either case, post-wildfire 
debris flows pose a distinct hazard in their frequency, often initiated by low-recurrence storm 
events (Cannon et al., 2008), and have peak discharges that are many times that of a flood event, as 
explored below.  
The estimation of peak discharge coming from a given basin is often calculated using the 
Rational Method, also known as the Rational Equation. This is a simple and preliminary method 
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used to inform the design of hydrologic conveyances; however, it was developed only to measure 
the clear-water flood peak discharges from a drainage under steady-state, uniform-flow conditions, 
and not debris-flow or hyperconcentrated sediment flow discharge. The peak discharge from a 
debris flow can be many times the estimated discharge of floods. There are approaches to the 
Rational Method that include multiplying results by a debris-flow “bulking factor” to better 
estimate the potential peak discharges, but the accuracy and breadth of applicability of these 
techniques is widely variable and has not been systematically analyzed. As a result, the scope of 
this project is to compare the implementation of a debris-flow bulking factor in cases of runoff-
generated debris flows in both unburned and post-wildfire settings. Run-off generated debris flows 
are initiated by a rainfall event and the debris is subsequently entrained in the flow channel by 
rilling, progressive erosion, and scouring along the channel (Santi et al., 2008). The applicability 
and accuracy of using a bulking factor will be assessed using a debris-flow database that compares 
the calculation of the peak discharges using the Rational Method with the measured or observed 




3.3 The rational method/rational equation  
 
The Rational Method or Rational Equation is an estimation of the peak runoff rate from a 
watershed or basin based on the area (A), rainfall intensity (I), and a runoff factor (C). Often 
written as Q = CIA, with the variables measured in US customary units (Q in ft
3
/s, A in acres and I 
in inches/hr). For use with metric measurements, resulting Q in m
3
/s (A in square kilometers and I 
in millimeters/hr), the equation is: Q= 0.278CIA.  The rational method was developed by sewage 
engineers mainly to calculate the expected runoff from urban areas, and it is first mentioned in the 
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American literature in 1889 (Chow, 1962). It has since seen application outside of its original civil 
engineering usage to areas such as soils conservation and wildland runoff estimation. The Rational 
Method is common in hydrology textbooks and civil engineering manuals and is often applied in 
design of road culverts and other structures emplaced for draining small areas of a few square 
kilometers (Brutsaert, 2005). Fernandez et al (2003) state that the rational method is the most 
widely used uncalibrated method to calculate peak discharge of a defined watershed.  
One principal behind the Rational Method is that the peak discharge (Qp) from a basin 
takes place at some concentration time when the entire catchment area, A, contributes to the 
outflow from the basin. Simply put, if it rains long enough the peak discharge from the drainage 
basin will be the average rate of rainfall times the drainage basin area, reduced by a factor to 
account for infiltration (Fetter, 2001). There seems to be common agreement among practitioners 
that the rational equation should only be applied to basins of limited area. Dooge (1957) says the 
rational equations should only be used for basins 15 km
2
 or less in area. Brutsaert (2005) says the 
rational equation should be used for small areas of a few square kilometers at most, and Fetter 
(2001) states that the rational method has its greatest value when applied to small drainage basins 
of 100 ha (1km
2
) or less. The Virginia Department of Transportation, as well as the US 
Department of Transportation Highway Administration (2008), state that the rational method can 
be applied for basins less than 200 acres (0.8 km
2
).  
The rational method uses a runoff coefficient, C, to reflect the runoff potential of a 
watershed. C is a dimensionless empirical coefficient related to the infiltration, storage, 
evapotranspiration and interception properties of the basin (Fetter, 2001). The value of C increases 
with increased runoff potential. C values are selected from a series of tables based on land use and 
vegetation cover, and although C values were originally developed only for urban areas, tables for 
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non-developed areas also exist. These tables are available in numerous hydrology and 
environmental engineering textbooks, as well as online from sites such as Texas Department of 
Transportation Hydraulic Design Manual, and BrightHubEngineering.com. The C value will be a 
decimal value between 0 and 1.0, where a value of 0 indicates that none of the rain falling in the 
basin generates runoff, and a value of 1.0 indicates that all of the rain falling in the basin becomes 
runoff. Tables of C values are available to guide the selection of a runoff coefficient for a basin, 
with the suggestion that a composite coefficient should be used for basins with multiple land-use 
types. These values are meant to represent an average over the basin to reduce the complexity of 
calculating differential infiltration across spatial and temporal scales. A few of the assumptions 
associated with the Rational Method, specifically the C value, are that the runoff coefficient does 
not vary with storm intensity or antecedent moisture, runoff is dominated by overland flow, and 
that the basin storage effects are negligible (Chow, 1962).  
The rainfall intensity value, I, is often the most difficult variable to measure accurately or 
to estimate. Precipitation records are not consistent; gauge types differ, precision of observation 
varies, distances from gauges to site of initiation varies, adjacent basins sometimes exist in 
different micro climatic zones, geologic and topographic environments vary, and standard rain 
gauges cannot record the variability of antecedent moisture conditions in the basin (Caine, 1980). 
In using the rational equation to calculate the peak discharge from a basin, rainfall intensity for the 
design storm is needed and is often estimated from a very short rainfall record from regional 
sources (Jakob and Jordan, 2001). The precipitation intensity and frequency distribution in time 
and space is important but can be difficult to measure, so the rational method assumes that the 
rainfall is uniform throughout the basin. There is also the question of the duration over which the 
intensity is measured, and how the rainfall intensity is defined. It is suggested that in mountainous 
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terrain that 79% of the 1 hour rainfall occurs in 30 minutes (Moody and Martin, 2001), and often 
storms have only a 10 minute intense burst of rainfall.  Basins with small contributing areas will 
have less variability in rainfall rates across the contributing drainage area (Hayes and Young, 
2006) thus the rational method is commonly applied only to small basins. A further assumption in 
employing the rational method is that the storm duration is equal to the time of concentration of 
the runoff to basin outlet. In other words, the storm duration is equal to the minimum time required 
for the entire basin area to contribute flow to the outlet. Dooge (1957) states that depending on 
economic justification, typical values of rainfall intensity are chosen based on the life of the 
infrastructure in question; 5-year-recurrence events for sewers in residential areas, 20-year- 
recurrence storms for commercial high value districts, and 50-year-recurrence events or more for 
flood-protection works. Choosing the design peak discharge, Qp, for a basin or watershed is not 
simple, and in many ways it is a rough estimation based on factors that are simplified and can be 
subject to dramatic change over the lifespan of the design element. The first approximation of Q is 
done by rainfall frequency –duration analysis, regional analysis of stream flow data, or by 
extrapolation of short records on gauged streams (Jakob and Jordan, 2001).  
The rational method is used in engineering design throughout the United States and the 
world. It is applied in the design of civil engineering structures such as bridges and culverts, often 
with a 25 year lifespan or less (Izzard, 1953). Chow (1962) states that the rational equation is 
practicable for design purposes, and is a valid computation of design discharge; it is used mostly 
for the routine design of low-cost structures, and is used because it is simple and large amounts of 
input data and/or other resources are generally deemed unwarranted. In 2006 the USGS published 
a study comparing the peak discharge and runoff characteristic estimates using the rational method 
to measured field observations from small basins in Central Virginia (Hayes and Young, 2006). 
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This study was conducted in conjunction with the Department of Transportation for Virginia to 
assess the accuracy of the rational method for design purposes, driven by the fact that there is, on 
average, one culvert or flow structure for every half mile of road constructed in the state (Hayes 
and Young, 2006). The study compared design peak discharges, which were computed using the 
rational equation, to discharges that were observed and measured in the field from similarly sized 
basins in Virginia and across the US.  They concluded that the use of the rational method for peak-
discharge design computations was valid for this area, and computations were conservative in 
relation to the 10-year storm recurrence interval. In this study there was no mention of peak 
discharge from these basins being affected by debris flows, or the potential for these events in the 
future. However, research by Wieczorek et al. (2000) on several 1995 debris flows concludes that 
there is an established debris-flow hazard in Virginia. 
Manuals from Colorado Department of Transportation (CDOT, 2004), Delaware DOT 
(DelDOT, 2011), and California Department of Transportation (CalTrans, 2014), also suggest the 
use of the rational method for calculating drainage discharge for hydrologic design purposes. The 
US Department of Transportation Highway Administration (2008) uses the rational method for 
peak discharge calculations with the restriction that it should be applied to areas less than 80 
hectares (0.8 km
2
) or 200 acres. In the CalTrans manual from 2014, chapter 810 addresses the 
question of debris: “the quantity and size of solid matter carried by a stream may affect the 
hydrologic analysis of a drainage basin. Bulking due to mud, suspended sediment and other debris 
transported by storm runoff may significantly increase the volume of flow, affect flow 
characteristics and can be a major consideration in the hydraulic design of drainage structures. In 
particular, bulking factors are typically a consideration in determining design discharges for 
facilities with in watersheds that are located within mountainous regions subject to fire and 
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subsequent soil erosion or in arid regions where the facility is in the vicinity of alluvial fans” 
(Caltrans, 2014). Design manuals for specific counties and municipalities in California do address 
a bulking factor for potential debris-flow events and how design elements should factor and assign 
a multiplier to the equation to account for the increase in Q with a debris-flow event (SCWA, 
1999). The CalTrans Highway Design Manual includes a recommended bulking factor selection-
process flow-chart presented as Figure 819.7H, that addresses potential for debris flows and 




3.4 Debris flow peak discharge  
 
High peak discharges are one of the most important characteristics of debris flows, 
separating them from even the elevated peak discharges of hyperconcentrated flows and water 
floods. The high peak discharge and increased sediment loads are the chief causes of the particular 
destructiveness of debris-flow surges (Hungr, 2000). The peak discharges of debris flows can be 
40 times greater than even an extreme flood (VanDine, 1985). It is important to include some 
estimation of peak debris-flow discharge when designing infrastructure, especially at the 
expanding urban wildland interface. This requires some indication of the frequency of these peak 
discharge events, which has been explored by various research methods (van Steijn, 1996; Bovis 
and Jakob, 1999; Jakob et al, 2005; Riley et al., 2013). Flood discharge estimated by traditional 
means has proven inadequate for design and risk management on alluvial fans that experience 
debris flows (Jakob and Jordan, 2001). Small streams (those that occupy small watershed areas, 
~1km
2
, tend to be more at risk from small, frequently-occurring events such as debris flows (Jakob 
and Jordan, 2001). Jakob and Jordan (2001) assert that the 200-year flood flow is meaningless if 
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debris flows are likely to occur more regularly, or with shorter return intervals. In Canada, 
examples of debris-flow peak discharges show that bridges and culverts should be designed for up 
to 40 times the 200-year flood design for small creeks and 5-10 times the 200-year flood design for 
larger creeks (VanDine, 1985). Hungr et al. (1984) suggest that the design event for a debris 
torrent (a channel that historically produces debris flows) should be the largest and most mobile 
debris flow that could reasonably occur during the life of the structure under consideration.  
Debris flows are often described as having a defined ‘snout’ structure or steep head with 
the densest slurry, the highest concentration of boulders and greatest depth, which is then followed 
by a more watery tail, and subsequent smaller pulses or surges of debris (Hungr, 2000). The peak 
discharge is generally associated with the front of these flows, or soon after the front of the debris 
flow passes reaching the greatest depth and highest viscosity to carry the largest particles, these 
peaks are generally of short duration (VanDine, 1996). Therefore when designing infrastructure to 
convey, or protect from, these flows, the peak discharge is one of the most important factors to 
consider. Coe et al. (2010) describe an observed debris flow from the chalk cliffs in Colorado: 
each surge had a steep front composed of large diameter 5 -53 cm rocks with no visible fluid at the 
surface, these coarse grained fluid poor fronts had lengths that ranged from 4-8 meters and 
velocities from 0.9-1.3 m/s, peak flow depths of 0.2-0.35m, with water rich tails composed of fine 
grained material following the coarse grained surge fronts. 
Debris-flow initiation in a basin is affected by both the rainfall intensity (I) and the 
infiltration potential of the substrate (C).  Debris flows can initiate from a variety of triggers. 
Increased pore pressure in hill slope materials can mobilize a landslide that then becomes a debris 
flow with the material being incorporated into channel runoff. Debris flows can also be initiated by 
progressive sediment bulking from surface runoff as it erodes and entrains sediment while flowing 
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overland, and growing in size in the channel where more sediment can be scoured from the 
channel bed (Cannon et al., 2001, 2003; Santi et al., 2008). Intense rainstorms and rapid snowmelt 
are the two primary climatic factors that are associated with triggering debris flows (Wieczorek 
and Glade, 2005). Antecedent rainfall is shown to be an important factor in landslide-triggered 
debris-flow by researchers in California (Wieczorek and Sarmiento, 1988), but no statistical 
correlation to debris-flow triggering rainfall and antecedent rainfall was found in the Italian Alps 
(Deganutti, et al., 2000), where antecedent moisture may come from snowmelt and springs instead 
of rainfall. It is shown that in burned areas of Southern California, antecedent rainfall is not a 
necessary factor for generation of run-off initiated debris flows, instead, cumulative rainfall and 
hillslope soil water content showed some correlation with post-wildfire debris-flow volumes (Kean 
et al., 2011).  
Rainstorm intensity and duration relationships that have been observed to trigger debris 
flows have been reported by several researchers (Caine, 1980; Guzzetti et al., 2008; Wieczorek, 
1987; Chien-Yuan et al., 2005; Cannon et al., 2011; Marchi et al., 2002). These threshold values 
are representative of worldwide data as well as local or regional thresholds. The intensity-duration 
relationships for the generation of debris flows span several orders of magnitudes, but are shown to 
be significantly lower in post-wildfire settings (Cannon et al., 2008).  
The probability of debris flows occurring is increased in a post-wildfire setting (Wells, 
1987; Cannon et al., 2010; Moody and Martin, 2001; Brunkal and Santi, in review). Wildfires 
affect the infiltration of rainfall as well as the potential for runoff by removing the vegetative 
canopy that intercepts rainfall energies, changing the soil properties and in some cases creating a 
hydrophobic layer with in the soil profile (Moody et al., 2013; MacDonald and Huffman, 2004; 
Pierson and Robichaud, 2001; Ebel and Moody, 2013), so the rainfall intensity threshold for 
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triggering debris flows is much lower. In many cases, short return-interval storms will trigger a 
debris flow in a burned basin (Kean et al., 2011). When burned areas experience high intensity 
rainfall events, the flood and debris-flow responses have increased run-off and peak discharges 
that are greater than those calculated from standard methods based on the rainfall intensity return 




3.5 Bulking factors for debris flows  
 
The published literature on debris flows and their countermeasures include several 
instances where a debris-flow ‘bulking factor’ is used to better estimate the peak discharges 
expected in a debris flow event. Most of these bulking factors are empirically-based back-
calculations for a region that has experienced and recorded a number of debris-flow events.  
Estimating a sediment bulking rate requires field inspection of a drainage basin and its channels to 
measure cross-sections and create profiles that will allow for a reasonable estimation of the 
erodible depth of the channel sediment to estimate the sediment volume available for bulking in a 
debris flow (Giraud, 2005). Debris-flow bulking factors, presented by Costa and Fleisher (1984), 
range from 1.38 for flows with 50% solids by weight to 4.40 for flows with 90% solids by weight, 
with the “average” debris flow falling between 1.5 and 2.0. Using the Melton ratio, where 
watershed relief is divided by the square root of the watershed area, Wilford et al., (2004) conclude 
that debris flows can have 5-40 times the discharge of floods. 
For the consideration of debris-flow counter measures in Japan, Ikeya (1989) asserts that 
the peak discharge of a debris flow is used in the same way as the peak discharge of a usual flood, 
with the peak sediment discharge Qsp expressed as a function of the peak water discharge Qp, and 
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the sediment concentration by volume of the moving debris flow. Using the equation Qsp = 
C*Qp/(C*- Cd), where C* is the sediment concentration by volume on an infinite slope, and Cd is the 
sediment concentration by volume of the debris flow. The peak sediment discharge in field surveys 
was found to relate to peak discharge with the multipliers of Qsp = 4.6Qp for debris flows (with 2.3 
on average), and Qsp= 3.5 Qp for mud flows (Ikeya, 1989). Mudflows are defined as being mainly 
volcanic ash and pyroclastic material that have a faster velocity than a debris flow, which would 
have a larger concentration of boulders at the front and a slower velocity (Ikeya, 1989). With 
enough observations workers may have an idea of the sediment concentration by volume expected 
from either debris or mud flows from a particular basin, and then could apply these equations to 
peak discharge measurements.  
Shuirman and Slosson (1992) calculate a ratio of 3.2 when comparing discharge from a 
burned basin to one without a previous wildfire using a 25-year return frequency storm and the 
rational equation. Using criteria developed by the Los Angeles County Flood Control District the 
bulking factor for the Middle Fork watershed, the burned basin that was of concern in the study, 
was found to be 2.0 Q, or 2 times the regular water flood; however based on actual high water 
marks the peak discharge was recorded at 3 to 4 times the discharge. The criteria put forth by 
Caltrans and used by Los Angeles County allows for designers to add a bulking factor to peak 
discharge calculations, but only up to a factor of 2 (Caltrans, 2014).  
Williams and Lowe, (1990), during a 1983 debris flow in Davis County, Utah report a 










for a 1991 debris flow, also in Davis county. Shuirman et al. (1985) find a 200-500% bulking 
factor in areas of Utah burned by wildfire, based on evidence form from the 1977 fire and 1978 
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debris flow in the Middle Fork of Mill Creek. Hungr et al. (1984) also suggest that channel length 
should be considered in the magnitude calculations for debris flows, understanding that most of the 
material is in the stream channel and its immediate vicinity and will contribute to the channel 
debris yield rate in m
3
/m. 
Matsumoto (2007) suggests a bulked discharge for a burned area that would follow the 
equation: Qbulked = (Cba)(I50yr)A (Bf), where Cba is the burned area runoff coefficient value, and Bf is 
the bulking factor, from the 2006 Los Angeles Country Sedimentation Manual and the 2006 
Hydrology Manual (LA County Department of Public Works, 2006). This site-specific discharge 
calculation was found in a post-wildfire debris-flow hazard assessment for Catalina Island, 
California (Matsumoto, 2007) and for this basin scenario a “burn-corrected value” of Cba = of 0.89, 
the equivalent of 89% runoff, was used in the calculation of peak discharge. The bulking factor 
(Bf) was calculated from the Sedimentation Manual (LA County Department of Public Works, 
2006) to be 65%, based on the watershed characteristics. 
The considerations of a debris-flow bulking factor presented above show that there are a 
wide range of strategies regarding how to derive a peak discharge for a debris flow, and the 
resulting multipliers that are applied; some are general for a region, and some specific to a 
particular basin of interest. However, it is of note that each strategy relies on the basic equation 
that is the rational method to derive the subsequent equations, and bulking factors, for peak 












3.6 Field measurement of debris-flow peak discharges 
 
The discharge of a channelized debris flow past any location depends on the geometry of 
the stream channel and the velocity of the flow. The velocity of the flow is determined by the 
gradient and geometry of the channel and the dynamic viscosity and unit weight of the debris 
mass. For a given channel geometry the discharge and velocity will determine the depth of flow in 
the channel (VanDine, 1996). The maximum discharge and flow depth usually occur soon after the 
front of the debris flow passes and although generally of short duration, are critical to know from 
design purposes (VanDine, 1996). Sediment supply, erosion conditions, and hydrologic conditions 
of the drainage basin and channel determine the sediment and water concentration (flow type) and 
flow volume that reaches the fan (Giraud, 2005).  
There are a few ways in which researchers measure the peak discharges for debris flows. 
Observations of events in progress are rare, but have been documented by researchers in Japan 
(Suwa, 1989) and Italy (Berti et al., 1999). In the few instances of instrumented channels, 
monitoring equipment includes video cameras, ultrasonic devices, radar, geophones, and rain 
gauges (Berti et al., 1999; McCoy et al., 2010; Hurlimann et al., 2003; Kean et al., 2011). Peak 
discharges are calculated from flow cross-sections based on observed mud lines, velocities 
estimated by eyewitnesses, super-elevation run-up calculations, or implementation of the broad 
crested weir formula (Hungr et al., 1984). Rickenmann (1999) also presents empirical relationships 
of peak discharge to debris-flow volumes for granular, muddy, volcanic, and dam failure type 
debris flows. These relationships could be applied to set a historical record of estimated debris-
flow peak discharges, based on measurements of debris-flow volumes deposited on an alluvial fan. 
It is noted that for a given debris-flow volume and material characteristics, the peak discharge may 
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also depend to some extent on initial and boundary conditions, as well as debris-water volume of 
the corresponding surge and not the total debris-flow volume (Rickenmann, 1999).   
In the simplest form, peak discharge can be calculated as the product of measured, 
observed or back-calculated velocity, and the cross-sectional area of the channel that the debris-
flow filled, as measured by high mud lines and scour area.  There are a variety of published 
approaches to finding the debris-flow velocity (Rickenmann, 1999). Velocities have been back 
calculated using super elevation of the debris-flow material around a curve in the channel, 
calculated by the forced vortex equation owing to high viscosity and vertical sorting which 
restricts lateral displacement within the flow (Hungr et al., 1984; Costa and Fleisher, 1984). 
Prochaska et al., (2008) considers the back calculation of debris-flow velocities and the difficulties 
in applying the forced-vortex equation, and they suggest reasonable ranges of expected velocities 
based on channel slope and expected debris height.  
Hungr et al., (1984) also presents the “dam break” formula as a method to predict peak 
discharges where there may be little historical data. This method assumes that the peak discharge 
results from a concentration of liquid debris behind a temporary dam and the surge travels 




 , where g is gravity (m
2
/s), h is the 
height of the dam (m) and b is the width (m) of the temporary reservoir.  
Measuring cross-sections and back-calculating velocities for debris-flow peak discharge 
values is likely problematic for comparison between researchers and locations because of the 
difficulties and variations in techniques. The increasing availability of low cost technologies and 
real–time monitoring of sites may help bring more accurate data for debris-flow peak discharges, 





3.7 Research problem: rational equation Q vs. debris flow Q  
 
It has been shown above that the rational method, or rational equation, is put into service in 
many instances where the peak discharge (Q) from a basin needs to be calculated. Though the 
intended purpose was originally to calculate urban runoff values, it is found to be applicable in 
small (~1 km
2
) watershed basins that are undeveloped. The rational method is used for design 
purposes and the Q value is estimated, sometimes using incomplete records of rainfall events, and 
often only considering the effects of water runoff, discounting debris-flow events. Specific 
consideration of debris-flow peak discharges are available in the published literature, but often the 
range of ‘bulking factors’ is generalized to a wide range of values or specific to the point of being 
applicable to only a single basin. Runoff-initiated debris flows are documented to occur in high 
alpine basins and areas recently burned by wildfire where overland flow and channel erosion 
contribute to the debris discharge and increase the peak discharge.  The purpose of this study is to 
collect peak discharge values for runoff initiated debris flows, in burned and un-burned areas, and 
compare their measured Q values to the peak discharges calculated using the rational method, for 
the same intensity rainfall event. A thorough literature review supports the conclusion that this is 
currently the only compilation of debris-flow peak-discharge values with the goal to compare and 
evaluate the rational method as a means of predicting peak discharge. The hypothesis to be tested 
was that peak discharges for debris flows will be consistently higher than the calculated value of 
runoff using the rational equation for the given storm intensity. It was further hypothesized that 






3.8 Database construction 
 
Observations of peak discharges of debris-flow events from locations around the world 
were compiled into a catalog. Observations include real time monitored channels and peak 
discharges that were back calculated using the techniques briefly describe above. Extensive 
literature review garnered 77 individual debris-flow events from mostly small basins in alpine 
areas, and areas burned by wildfires (Table B-1). It was found that most debris-flow reports do not 
include the peak-discharge value, or the reports have only vague data regarding the intensity of 
rainfall preceding the debris-flow event, which was expected due to the lack of an extensive 
rainfall gauge network.  
Rainfall intensities were recorded as peak intensities in mm/hr. Most reports gave the 
maximum intensity over a shorter interval than one hour, or gave the rainfall for the 24 hour 
period, or some other variation. The rational method uses the rainfall intensity of mm/hr, but it has 
been shown that in mountainous regions that 79% of the 1 hour rainfall occurs in 30 minutes 
(Moody and Martin, 2001), so for those areas that reported a shorter duration peak intensity 
rainfall, that is the value used in the rational method calculation. One of the limitations of the 
rational method is that the formula does not account for antecedent rainfall amounts, which were in 
some cases reported for the debris-flow event, if the rainfall and event timing were both known.  
There are many ways to choose a C (runoff coefficient) value for use in the rational 
equation. For this database a conservative, or maximum runoff coefficient, was chosen based on 
values found in the published literature. In practice a C value may be chosen from an available 
table, or calculated as an average value of many C’s representing different percentages of the basin 
area. The C value of 0.8 was selected for alpine areas with a percentage of steep talus slopes and 
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smaller vegetation coverage, based on use in unburned alpine areas the Swiss Alps (Berti et al., 
1999). The value of 0.89 was used for burned areas, based on Matsumoto (2007), as a maximum 
runoff coefficient due to the changed character of a burned basin including loss of canopy, 
hydrophobic soils, and loss of infiltration. Although there is a high likelihood that the appropriate 
C value for each basin lies somewhere in between or slightly below these chosen values, using 
these values to bracket the true range seemed less arbitrary to the authors than trying to assign C 
values for each basin without specific knowledge of each location. Furthermore, choosing a higher 
C value results in a higher Q value when using the rational equation, so for design purposes and 




3.9 Database analysis and results  
 
It was hypothesized that there would be an obvious population difference when comparing 
the debris-flow discharge that was measured or observed in the field, and the peak discharge for 
the equivalent rainfall intensity calculated using the rational method.  
Measured Q values for debris flows were plotted against the Rational Method calculated Q 
(Qcalc) values in a log-log space. Discrete populations of event differences were not immediately 
apparent. The plotted points were next divided into unburned areas and burned areas. The least 
squares regression lines for burned areas and unburned areas are shown in Figure 3.1. These two 
populations of debris-flow types were found to be different with a significance value of P= 
2.96x10
-11
 at the 5% level, the adjusted R
2
 value is 0.55, and the overall significance of the model 
has an F value of 29.94. These two lines intersect indicating that something other than the C value 
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is driving the difference in Q between unburned and burned areas. If the C value were the driving 
difference the two regression lines would be parallel.  
 
Figure 3.1  The least square regression fit for burned and unburned areas comparing the measured 
debris flow peak discharges plotted in log-log space against the calculated value of Q using the 
rational equation. The analysis shows that unburned and burned areas are two distinct populations. 
The adjusted R
2
 value was 0.4826 and the P value was 2.96x10
-11
. The overall significance of the 
model had an F value of 29.94. 
 
 
The second relationship of interest was the ‘bulking factor’ compared to the basin area. The 
bulking factor in this case is the value of the measured (or observed) debris-flow peak discharge 
divided by the calculated (rational equation) value. The ‘bulking factor’ is plotted against basin 
area in log-log space and populations of burned and unburned debris flows were compared (Figure 
3.2). The bulking factor for unburned and burned areas versus area shows an interesting result in 
that the least squares regression line has a negative slope indicating that the bulking factor is 
























reduced with increasing basin area for both burned and unburned basins. The statistical analysis 
shows that the relationship is the same for these two populations. The slope and intercept P values 
are 0.936 and 0.78, respectively, and the R
2
 value is 0.568 
 
 
Figure 3.2  The least square regression fit for burned and unburned areas. The basin area is plotted 
against the debris flow ‘bulking factors’ (Qobs /Qcalc) in log-log space. The statistical analysis 
shows that the relationship is the same for these two populations. The slope and intercept P values 
are 0.936 and 0.78, respectively, and the R2 value is 0.568 Shaded area shows the 95% confidence 
interval. 
 
A generalized comparison of basin area and bulking factor between burned and unburned 
areas results in an observable difference in the range of bulking factors for each (Table 3.1).  In 
basins less than 1 km
2






















burned areas (n=30) the average was 33x. The lowest and highest calculated bulking factors for the 
unburned basins for this area were 0.9x and 31x, and for the burned basins the range was between 
3.5x and 96x. For basin areas between 1 and 5 km
2 
unburned basins (n=11) had an average bulking 
factor of 6.5x, and burned basins (n= 21) had an average of 13.9x. Both categories had a low end 
bulking factor of 0.2x, but the highest calculated bulking factors were 22x for unburned and 62x 
for burned areas. Lastly in the basins with areas 5km
2
 and above, the average bulking factor for 
unburned areas (n=4) was 1.4x and for burned areas (n=7) it was 2.8x. Unburned areas had a range 
from 0.14 to 4.4x and burned areas 0.3 to 9.1x. For this very simple analysis the largest outliers for 
burned and unburned areas were removed from the averages. These values were 72x for an 
unburned area greater than 5km
2
, and 299x for a burned area less than 1km
2
.These results are 
summarized in Table 3.1. Because of the small sample size and the disparity in the numbers of 
samples in each group this result should only be taken as a generalized range of values that were 
observed overall. It does support that the conclusion stated above that as the basin area increases 
the bulking factor decreases, and that in general the burned areas experience a greater average 
bulking factor.  
Figure 3.3 is a simple graphical representation of the calculated bulking factors for burned 
and unburned basins in this data set. In unburned basins the bulking factors were equal to or less 
than 4.0Qcalc 56.6% of the time, in burned basins 55.4% of the bulking factors were equal to or 
greater than 10.0Qcalc.  
Not every burned basin will produce a debris flow during a rainfall event. While compiling 
debris-flow data, a small group of 16 burned basins that did not produce debris flows, but rather 
had a flood response after the fire were catalogued. Using this small data set as a comparison, the 
peak discharges that were recorded were compared to the peak discharges expected from the 
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Bulking Factors for Q  
basin area unburned  burned 
 min  max average  min  max average 
< 1 km
2
 0.9x 31x 10x (n=14)  3.5x 96x 33x (n=30) 
1-5 km
2
 0.2x 22x 6.5x (n=11)  0.2x 62x 13.9x (n=21) 
> km
2
  0.14x 4.4x 1.4x (n=4)  0.3x 9.1x 2.8x (n=7) 
 
Table 3.1  Comparison of calculated peak discharge bulking factors between unburned and burned 
basins based on basin area. Burned areas consistently have a higher bulking factor for debris flows. 
the largest outliers for burned and unburned areas were removed from the averages. These values 
were 72x for an unburned area greater than 5km
2
, and 299x for a burned area less than 1km
2
.  
Because of the small sample size and the disparity in the numbers of samples in each group this 
result should only be taken as a generalized range of values that were observed overall.  
  
Figure 3.3  A comparison of the range of debris flow bulking factors calculated for unburned and 
burned areas. Percentages are expressed for each category, unburned basins and burned. Greater 
than 50% of the unburned basins have less than a 4x bulking factor, whereas greater than 50% of 
the burned basins had bulking factors of greater than 10x. The disparity may be a factor of the 











































basins using the rational method, using a runoff coefficient (C) equal to .89 as in the post-wildfire 
debris-flow cases. The average Q value of the flood response from these burned basins was 90% of 
the calculated Q value. Most of the storms initiating these flood responses had a 2 to 4 year 
recurrence interval for their respective regions. Although the sample size is too small to make 
statistical comparisons or conclusions, it provides a small insight to the difference between a 
flood-flow and debris-flow peak discharge in a burned area. Another attribute of these burned 
basins that makes comparison difficult is that over half the sample set have an area larger than is 
deemed appropriate for using the rational method.  
Given the limitations of the dataset, the statistical analysis presented should not be 
considered an applicable regression equation for prediction of bulking factors in future hazard 
analysis. Rather this dataset should be considered a first step in cataloging debris-flow peak 






This analysis of peak discharges of post-wildfire debris flows provides a database that has 
not been assembled previously, and statistical analyses suggest that the peak discharges of debris 
flows in burned and unburned areas are statistically distinct populations when compared to peak 
discharges calculated using the rational equation. This represents a first step toward better 
understanding the relationship of flood water flow discharge and debris-flow peak discharge. Due 
to the small number of data points that span very different geographical areas, and the lack of other 
attributes (e.g., geology, topography, climate, land use, channel length and where along the 
channel length the Q values were measured) that may explain the bulking of debris-flow Q values, 
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this can only be considered a preliminary step in characterizing bulking rates for debris flows 
worldwide.  
The bulking factors proposed by Ikeya (1989) of 4.6, for debris flows, and 3.5, for mud 
flows, would be appropriate in 50% of the cases of unburned basins represented in this study. 
Shuirman and Slosson (1992) suggest a bulking rate of 3.2 for a burned area experiencing a 25-
year return interval storm. With regards to the values in this study, 3.2Q would be appropriate for 
26% of the burned basins that experienced debris flows; with a note that most of the rainfall return 
periods in the data set were much less than the 25-year event. The ‘bulking factors’ reviewed in the 
available literature would underestimate, more than half the time, the peak discharges of debris 
flows from burned areas. In this data set only 18% of post-wildfire debris flows fell below the 
2.0Q ‘bulking factor’ that is chosen, in most cases, as the maximum multiplier by Caltrans 
Highway Design Manual (Caltrans, 2014) for conveyance design in San Bernardino County, Los 
Angeles County, and Riverside County; areas that have a fire flood cycle that is well documented. 
The Design Debris Event (DDE) outlined by Caltrans (Caltrans, 2014) is associated with the 50-
year, 24-hour duration storm although it has been shown that the intensity and duration of a debris 
flow triggering event in a post-wildfire setting can be significantly lower (Cannon et al., 2008). 
The main result of this study shows that there should be consideration in debris-flow 
hazard and risk analysis, if the rational equation was used, or is to be used, in the determination of 
the peak discharge from a basin. A valuable extension of the work presented here would be to 
expand the data base of debris-flow peak discharges especially in areas where infrastructure is 
potentially harmed by the increase in Q with the increased probability of debris flows, either by 
land use change or by wildfire.  
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It is hypothesized that as the basin area increases the peak-discharge bulking factor 
decreases because of two possible reasons; 1) larger basin areas would have longer channel lengths 
with more opportunities for deceleration and deflation, where debris flows are slowed and deposit 
levees along the side of the channel, and 2) larger burned basins have a lower likelihood that the 
whole basin burned at the same severity; there may be larger areas of the basin that are not 
contributing the same runoff, and therefore a uniform C value would tend to overestimate runoff 
for larger basin areas.  
Use of channel length bulking data is proposed as the next step in this research. Channel 
length was an attribute that was unavailable for all the data in this study, therefore it was not 
possible to compare the bulking rates per channel length as proposed by Williams and Lowe 
(1990) and Mulvey and Lowe (1992) for burned areas. Future research into debris-flow bulking 
rates should investigate the relationship to channel length for unburned and burned areas and how 
this could be incorporated into the runoff estimates and modification of the rational equation. 
Additionally, an attribute that could be added to this initial dataset is where along the channel 
length each Q value was measured. This measurement was not available in all cases; better 
understanding of bulking along the channel could be instrumental in placement of debris barriers 
or other mitigation design considerations.    
The time to concentration is an aspect of the hydrologic study of basins and the application 
of the rational method that was not included in this study. The time to concentration is the time it 
takes after the rainfall begins to the time where it is assumed that the whole basin is contributing to 
the runoff and the peak discharge passing by a particular point in the channel. The lack of data on 
rainfall events and peak discharge timing of debris flows makes it difficult to calculate the time to 
concentration for a particular basin, if it is not fully instrumented. Often the debris-flow deposits 
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are observed after the fact, the associated rainfall event is based off the nearest gauge, and the peak 
discharge is back calculated or measured from channel cross-sections well after the actual event. 
Adding the time to concentration to the debris-flow data set would contribute to the greater 
understanding of the timing of peak discharges with respect to rainfall intensities. The debris-flow 
data from instrumented channels in the Alps is invaluable for understanding debris flow peak 
discharge timing and for designing warning systems.  
Peak discharge measurements of debris flows, in unburned and post-wildfire settings, 
illuminates a hazard that could be extremely dangerous and destructive due to the bulked nature of 
the debris-flow event being many times greater than the calculated peak flood discharge using the 






The results of this study show that the debris-flow peak discharges for areas that are 
unburned and burned by wildfire constitute two distinct populations. Furthermore, the bulking 
factor, as compared to the peak discharge calculated by the rational equation, is related to basin 
area slightly inversely: as basin area increases, bulking factor decreases. The purpose of this study 
was to compile a large data set on debris-flow peak discharges for comparison to peak discharges 
as calculated by the rational equation. The goal of this research project was achieved, though 
expansion of the database in the future is warranted.  
Many agencies including departments of transportation and flood control districts employ 
the use of the rational equation for deriving peak flows for drainages. Most of the time these 
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drainages have no record, or poor records, of previous flood peaks. The peak discharges are 
assumed to be related to storm rainfall intensities, and elements of infrastructure are designed 
based off a probabilistic or deterministic outcome of flooding that may or may not include the 
likelihood of a debris flow increasing the discharge by many times. Debris flow hazards are 
increasing because of locations of expanding communities, changes in land use patterns, changes 
in climate, and wildfires. For communities to fully assess their debris-flow risk a consideration of 
peak discharge is necessary.  
For practical design, and debris-flow mitigation strategies, further exploration into the 






CHAPTER 4  







A small-scale flume experiment was conducted to assess the capturing efficiency and 
design considerations for a horizontal dewatering debris-flow-brake. Design parameters and a 
design sequence are suggested, which were previously unavailable in the published literature, and 
are developed from comparison to other mitigation design strategies and results of laboratory 
flume experiments. It is concluded that the most important input parameters into the design of a 
debris-flow dewatering brake are the expected thickness of the debris-flow deposit and the channel 
shape. The volume of debris that can be stopped and stored by this mitigation design is a function 
of these parameters as well as channel slope.  The thickness of the debris that is arrested on the 
grate depends on the depositional properties of the debris-flow mass, such as the unit weight of the 
material, but in small-scale experimentation thickness was not affected by volume of the debris 
available. The ideal brake is a free draining surface with an aperture smaller than the D90 value for 






Debris flows are fast moving currents of water and debris that can raft large boulders at 
high velocities and often occur unexpectedly. Impacts and damages from debris flows include the 
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destruction of roads, culverts, bridge piers, houses and utilities in their paths. Damage can often be 
minimized or prevented with a variety of ‘hardware’ measures. These measures can be categorized 
into works for restricting the occurrence (e.g. hill slope stabilization), debris-flow retention 
structures (e.g. check dams), direction controlling works (e.g. training dikes), and depositing works 
(e.g. forest dispersion zones and sedimentation basins) (Okubo et al. 1997). 
Debris-flow retention or capturing works are most often vertical features in the debris-flow 
channel intended to intercept the flow. Structures must be designed to accommodate the large 
impact forces and volumes of debris that can be generated in a significant debris-flow event. In 
some cases, vertical debris dams have been shown to fail structurally, or to fill over time and have 
inadequate capacity to stop subsequent debris flows (Lien, 2003). Smaller debris control structures 
are occasionally either partly or fully destroyed by debris flows (Hübl et al. 2005). It has been 
shown that the likely key to success in dealing with disasters due to debris flows is to remove the 
large boulders and other fast moving debris to reduce the overall kinetic energy of the flow, thus 
transforming the debris flow into a sediment laden flow (Lien, 2003, Johnson et al. 1989, Wu and 
Chang, 2003). This concept is very similar to the protection of facilities, such as water treatment 
plants and fish hatcheries, by trash racks that filter harmful vegetation and large debris (Xiang et 
al. 2009). To achieve this goal for debris flows, open dams with a variety of apertures (slits, grids, 
screens and nets) have been installed and studied in countries including Japan (Okubo et al. 1997, 
Watanabe et al. 2008, Ikeya 1989), Austria (Hübl et al. 2005; Jaeggi and Pellandini, 1997), Taiwan 
(Lien, 2003), Switzerland (Wendeler et al. 2008) and Canada (Hungr et al. 1984). 
The impacts of boulder collisions in rapid flows exert tremendous force on ordinary dams, 
slit dams, flexible fences, and other types of vertical structures (Okubo et al. 1997). An alternative 
to the vertical slit dam is a horizontal sieve-like structure that can avoid the impact forces and 
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loads experienced in vertical structures. The design consists of a screen section (superstructure), 
supporting structure (sub-structure) and sidewall section to regulate flow movement (Figure 4.1). 
In the published literature the horizontal debris-flow dewatering brake is mentioned, pictured and 
presented as a viable debris-flow counter measure (Jaeggi and Pellandini, 1997; Huebl and 
Fiebiger, 2005).  
 
 
Figure 4.1 Longitudinal and cross-sectional view of a debris-flow dewatering break. In this 
example the screen is composed of square members and I-beams are used for the bottom girders. 
(from Watanabe et al, 2008) 
 
The operating principle of horizontal dewatering brakes is that a small change in water 
content of a debris flow can potentially have a large impact on the flow rheology and dynamics; 
that is, a reduction in water content can lead to initiation of the deposition process (VanDine, 
1996). The rapid release of debris-flow pore fluid, including both water and fine sediment, causes 
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a rapid volume reduction and increased grain contact and bed friction (Major and Iverson, 1999). 
Water content is critical in debris-flow deposition: a water loss of two to three percent by weight 
can cause a change in shear strength by a factor of two or more (Selby, 1993).  As the debris flow 
is drained through the permeable grate of the debris-flow dewatering structure, a certain length of 
the debris flow is stopped, which impounds the rest of the flow upstream. This phenomenon was 
observed in a natural debris-flow setting in a case study from Norway (Shakesby and Matthews, 
2002).  The authors describe two debris flows that were arrested when they crossed a 15° talus-
covered hill slope, characterized by open and sieve-like material. This case study shows an out of 
the ordinary but effective natural analog to the debris-flow dewatering brake.  
Watanabe et al. (2008) conclude that debris-flow brakes have been proven for their 
dewatering effect; the horizontal screen structure can arrest a debris flow at an upstream location 
close to its area of initiation. However, they go on to state, “because of its lack of popularity this 
efficient structure has scarcely been employed at debris flow prone sites…this technology and 
knowhow is efficient, cost effective and could be constructed with local materials.” It is 
hypothesized that this ‘lack of popularity’ may be a result of the lack of published data available in 
English, on laboratory and field tests, and design criteria for these structures. Jaeggi and Pellandini 
(1997) state: “The design of these structures relies mostly on observation and professional 
experience. It is to a large extent intuitive.” The purpose of this paper is to explore basic criteria 
for the design, to reduce this need for intuition, and to better define appropriate size and placement 
of debris-flow dewatering brakes. 
To design most debris-flow mitigation features, estimates or measurements are needed of 
the debris flow volume, velocity, peak discharge, sediment grain size distribution, and channel 
gradient. Therefore, the objectives of this paper are to collect design criteria outlined for other 
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structures, conduct original research on a small-scale flume, and apply the results to demonstrate a 






There are several publications that address the factors of design of slit-dams (check dams 
with single or multiple openings, or a series of vertical posts) for debris-flow mitigation (e.g., 
Johnson et al. 1989, Lien, H. 2003, Armanini and Larcher, 2001, Jaeggi and Pellandini, 1997, 
Ikeya, 1989, and Hübl et al. 2005). These structures provide a filtering mechanism whereby the 
largest and most destructive particles in the debris flow are stopped from being transported further 
downstream, but the finer and less destructive materials are allowed to pass through. These papers 
present the equations to calculate the width and spacing of the openings in the dam, the upstream 
storage area required behind the dam, impact forces that can be expected on the dam, and the 
height of the vertical components. An important parameter of the debris trapping ability is the 
spacing of the openings based on the expected size of the largest material in the debris flow, or the 
overall grain-size distribution of the debris-flow mass. Consequently, the widths of the spacing of 
vertical slits or grid openings were considered as a starting reference in the design of the horizontal 
brake structure that was used in flume experiments described below.  
There are two sources in the literature that specifically address the horizontal dewatering 
brake as a debris-flow mitigation structure: Watanabe et al. (2008) and Okubo et al. (1997). 
Although these papers expound on the effectiveness, efficiency and applicability of the structures, 
neither paper gives specific design parameters. There are no equations presented for the selection 
and optimization of dimensions or location of the debris-flow dewatering brake. Watanabe et al. 
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(2008) mention that they had conducted a hydraulic test model with follow-up field tests at Iwadoi 
(Mt. Fuji), Kamikamihorisawa (Mt. Yakedake) and the Nojiri River. After a through literature 
search, and attempted contact with the authors, it was concluded that these test protocols and 
results were not available for review in English. Watanabe et al. (2008) include a table (reproduced 
as Table 4.1) with values for six screen and beam designs at Japanese sites. The text of the article 
does not mention how these designs were selected or why each site required different shapes, 
screen spacing, and slopes. In the table each design has a specific “transmissivity” value; however, 
it is not made clear, in the caption or text, what this value represents for the design of the grate. 
Photos of the use of a debris flow brake at Kamikamihorisawa, Japan are often included in journal 
articles and books that describe different kinds of debris flow countermeasures (an example shown 
in Figure 4.2). 
 
Table 4.1 Specifications for 6 horizontal debris-flow brakes installed in areas of Japan. (from 
Watanabe et al, 2008). 
Mt. Yakedake Mt. Sakurajima Mt. Tokachidake
Longitudinal 
slope
1/10 1/40 1/40 1/14 Horizontal Horizontal
Shape type I
Size
200*150*     
9*16 mm
200*200*       
25 mm
200*200*           
25 mm
200*200*                      
8mm
255*270*205*             
9mm
255*270*205                
9mm
Slit aperture 10-15 cm 15 cm 15.60 com 20 cm 40 cm 40 cm
Transmissivity 50% 35% 56% 50% 66.70% 66.70%
Shape type H H H H H H
Size
300*300*   
10*15mm
400*400*     
13*21mm
400*400*1
3*2    
1mm
400*400*13*2       
1mm
900*300*16*18      
mm
800*300*14*26      
mm











Figure 4.2 Commonly published photos of the successful use of a horizontal dewatering brake 




The scope of this paper is to provide design considerations for horizontal debris-flow 
dewatering structures. Using equations from the debris-flow literature and parameters published 
for the design of other similar debris-flow mitigation structures, we will propose methods to 
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calculate grate spacing, reach length for sediment storage, and length and width of the overall 
structure surface. We will also address selection of locations of these structures within the channel 
reach to optimize protection of structures below while allowing access for clearing deposited 
sediments.  Engineering designs for specific sites should be done by qualified professionals using 
the best site-specific information available.  The parameters suggested in this paper are not 





4.5 Design Criteria Evaluation 
 
Development of design criteria included three elements: 1) a literature review of debris-
flow mitigation structures and the prediction, estimation and calculation of debris flow 
characteristics, 2) a small-scale flume experiment to test the effectiveness of grate spacing values, 
different lengths and configurations of two brakes in sequence, and 3) an open sieve surface 
experiment to test the relationship of thickness of deposits to volume of material on a free draining 




4.5.1 Literature review 
 
Numerous authors address the evaluation of debris-flow prone areas for hazard and 
mitigation analysis (e.g., Hungr et al. 1984; Giraud, 2005; Jakob, 2005; Rickenmann, 1999; Osti 
and Egashira, 2008; Davies, 1990).   Regarding design, considerations are similar for most types of 
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debris-flow mitigation structures.  Some of the criteria are inherently site-specific and must 
consider the character of the debris flow, the channel and the fan (Van Dine, 1996). These 
parameters include frequency, magnitude (volume), maximum flow depth (peak discharge), grain 
size distribution of material, potential impact forces, run up and super elevation as a function of 
velocity, and the probable storage angle behind the structure (Van Dine, 1996).  These input 
parameters are summarized in Table 4.2 and discussed briefly below.  
 
Table 4.2 Debris-flow characteristics, associated equations, and references used to analyze 
mitigation design parameters. 
 
Table 4.2 – Debris flow parameters, associated equations, and references 




historic assessment with a view toward 
any changing conditions throughout 
watershed 




channel width, depth, slope, bedrock, 
type/size of bed material, available 
debris in drainage, other structures 
Van Dine et al. 
1997 







Q = discharge                                                                               
A = cross-sectional area calculated as 
2/3Wh for parabolic channels                                                                         
V = velocity = √gRtanβ                                   
R = radius of curvature of the channel                                         
For areas that have previous debris 
flows, can be applied with caution to 





Q= peak discharge (m
3
/s)                                                          
S = basin gradient (%)                                                              
Ab = area of basin burned, in all 
severities (m
2
)                                                                       
I = average storm intensity (mm/hr)                                               
For areas that have not had recent 
debris flow, but have been burned 
recently by wildfire, developed for 
southern California and western US 




Table 4.2 – continued 
Parameter Equations Comments References 




ν is the apparent dynamic viscosity,                                              
a graph solving this equation for a 
dynamic viscosity of 3 kPa-sec (63 lb-
sec/ft
2
) is available in the cited 
literature 
Chen, 1987; 
Hungr et al. 1984 
Parameter Equations Comments References 
Volume  
can be derived from detailed surface 
mapping of previous deposits and from 
subsurface evidence from test pits and 
trenches in fan deposits 
Jakob 2005; 











tan (𝐼𝑜 –𝐼𝑑 )
 
Vm = storage in m
3
 for prismatic 
channel with rectangular section 
H is the height of the posts                                                       
B is the channel width                                                                   
Io is the original channel- bed slope                                    
Id is the sediment deposited channel–
bed slope behind the dam, which is 
approximated 2⁄3Io. 
A graphical estimation of storage 
volume behind a slit dam is available 
in the cited reference 









developed flow, small channel slope, 
straight section to increase retention 




VanDine et al. 




The frequency of debris flows at a location establishes the initial need for mitigation and 
the need for subsequent maintenance (Hungr et al., 2005).  Frequency estimates can be based on 
records of historical flows, aerial photos, satellite imagery, or stratigraphic field work.  Analysis 
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should judge if recent changes to the watershed such as deforestation, wildfire, recent landslides, 
or construction have changed the potential frequency or magnitude of debris-flow events. 
Very few published works specifically address the location of mitigation structures in the 
channel. Osti and Egashira (2008) use numerical modeling techniques to test the effectiveness of 
potential placement of check dams in steep mountain channels. Takahashi (2007) provides 
numerical simulation of potential dam sites using the longitudinal profile of the channel and 
calculated debris flow discharges based on a hydrograph model. He compared four potential sites 
for a grid-style dam for their effectiveness at various distances downstream of the determined 
source of the debris flow. He concluded that the optimum position of grid-dam installation is 
where the debris flow arrives at its most developed stage, allowing the dam to trap the maximum 
number of large stones at the front of the surge (Takahashi, 2007). Roth et al. (2004) discuss 
placement criteria for the application of flexible net barriers based on channel characteristics.  
Locations they recommend are straight torrent sections with an inclination that is as small as 
possible to reduce impact velocity and enlarge retention capacity.  They note that the location 
should be accessible to ensure immediate inspection and cleaning if necessary, and the bed at the 
barrier location should be stable enough to withstand the occurring loads (Roth et al. 2004). 
The peak discharge value, Qp, represents the maximum debris volume, velocity, flow depth 
and impact forces that a mitigation structure will have to accommodate (Hungr, 2000). Van Dine 
(1996) notes that debris-flow discharges are substantial and can be as much as 40 times greater 
than the 200-year water flood values. Empirical relationships have been established to predict peak 
discharge of a debris flow based on the expected debris flow volume (Rickenmann, 1999). Care 
must be exercised in using these equations as they are, for the most part, regionally specific and 
vary with debris-flow rheology, initiation mechanism, and/or channel morphology. It is suggested 
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that the use of empirical correlations be used only in that case where a rough estimate of debris-
flow peak discharge is acceptable (Jakob, 2005).  Wendeler et al. (2007) and Roth et al. (2004) use 
peak discharge measurements to guide the design of flexible net barriers, and Lien (2003), 
Takahashi (2007), and Okubo et al. (1997) discuss the use of permeable structures such as slit 
dams and grid style dams to arrest and reduce the peak discharge of debris-flows. The design of a 
horizontal debris-flow brake system would be similar to the flexible net barrier in that only an 
effective mass of the debris flow volume needs to be stopped initially on the surface of the barrier 
and subsequent small surges could potentially be dammed by the arrested mass.  
Debris-flow velocity directly relates to the energies and forces that are normally considered 
in the design of mitigation structures.  However, in small-scale flume experiments conducted by 
Liu (1995), and this study, the velocity of the debris flow mass did not have a significant impact on 
the depositional parameters or the effectiveness of the debris-flow mitigation design.  
The depth (height) of a debris-flow event at its maximum discharge can be used in 
conjunction with other mitigation design criteria to predict the deposition of debris-flow material 
and the height accommodation needed.  Mitigation design should consider the depth of the flow 
and maintain freeboard in the channel to reduce erosion around structures. The simplest way to 
gauge flow depth is to observe the high mud-line in channels that have experienced recent flows, 
recognizing that splashing and sloshing may make the mud-line appear higher than the true flow 
height.  Lien (2003) suggests that the freeboard, which is the space available in the channel above 
the mitigation structure, should be twice the maximum diameter of the largest particles present in 
the channel. The flow-depth design parameter is key to calculating the size and storage capacity of 
the horizontal debris-flow brake because the height of the debris-flow mass that arrests on the 
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dewatering brake will create the height of the ‘dam’ behind which future surges and debris will be 
impounded.  
Knowledge of the volume of material expected in a debris-flow event will assist in the 
design of mitigation to allow for adequate storage of the deposited material behind the structure. 
Volume estimates for past debris flows can be derived from detailed surface mapping of previous 
deposits and from subsurface evidence from test pits and trenches in fan deposits. Volumes of 
deposits can also be estimated with the use of photogrammetry or by ground based survey 
techniques, including pace or tape measurements, electronic distance metering, ground penetrating 




4.5.2 Flume experimentation 
 
The overall goal of the flume experimentation was to carry out several simple laboratory 
tests that would show the relative volume of material that can potentially be stopped by the debris-
flow brake mitigation measure. Two types of small-scale laboratory experiments were undertaken 
to help quantify the design specifics of a horizontal debris flow dewatering structure. Initially, the 
flume was used to test the effectiveness of the debris flow dewatering brake design and the slit 
aperture parameter. Secondly, the flume was used to test the thickness of debris accumulation on a 
free draining surface. These experiments provide data on the potential retention of material on the 
brake surface and upstream storage. 
Open channel flumes of various sizes have been used to test different debris-flow 
parameters. On a larger-scale, the US Geological Survey operates an experimental debris flow 
flume that consists of a concrete channel 95 m long, 2 m wide and 1.2 m deep (Major and Iverson, 
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1999). This is a well-instrumented apparatus that has supported many debris-flow rheology 
investigations. Smaller-scale laboratory experiments have been conducted with flumes of various 
sizes. The flume experiments described in the published literature that are most similar to this 
study include: Lien (2002), Lin et al. (2007), and Lien and Tsai (2000), who used their flumes to 
test the effectiveness of slit dams to control debris flows; Rickenmann et al. (2003), who used their 
flume to test debris flow behavior over an erodible bed; Wu and Chang (2003), who used a 1:50 
scale model flume to test crossing-truss dams; Deganutti et al. (2003), who used a small flume to 
recreate the depositional processes of debris flows; and Wendeler et al. (2008) who conducted 
small-scale testing of ring-net barriers. Many of these debris flow flume experiments use debris-
flow material that simulates the grain-size distribution in an actual debris flow, scaled down for the 




4.5.2.1 Dewatering brake flume experiment design  
 
Since the goal of this research was to perform a set of simple laboratory tests to assist in 
debris flow dewatering-brake design, a small laboratory flume was used with natural debris-flow 
deposit material to conduct these tests. A total of 4 dewatering structures were tested with different 
volumes of debris, and two grates in sequence were also tested. Debris volumes were delivered by 
a single pulse of material with volume of 5L, 10L, 15L or 20L, or in several pulses of 5L, with 20L 
being the maximum debris volume delivered to the flume. Grates were tested with different 
volumes of debris and delivery mechanisms. The thickness of debris on the grate was measured, as 
was the length of the debris impounded behind the grate, so a total volume of debris caught could 
be calculated. The debris passing the grate and caught in the bin at the base of the flume was also 
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collected and measured. Details on the flume set up, grate design and emplacement, and debris-
flow mixture are outlined below. 
To assess the drainage capabilities and thickness of debris captured on the horizontal grate 
surface in an unconfined setting, debris was delivered via the flume apparatus to 3 horizontal sieve 
surfaces with different grid spacing. The volume of debris was delivered in pulses of 5L, 10L and 




4.5.2.2 Flume set up  
 
The flume used in the first laboratory experiments was designed and built for Soule (2006) 
to test the viscosity and yield strengths of debris-flow material. The flume box was constructed 
from 1.9 cm plywood with one side made of a 0.95 cm thick sheet of clear plexi-glass so that the 
flow can be observed using the side (Figure 4.3). The plywood was sealed with a water-proof 
varnish that was left rough in the flow channel to provide friction against slippage during the 
experiments. The rectangular channel is 200 cm long, 30 cm wide and 25 cm deep. The holding 
tank stores a maximum volume of 0.051 m
3
 and releases the material into the channel via a 
manually operated gate that slides upward (Soule, 2006).  Approximately 25L (0.025 m
3
) of debris 
was used in the experiments. The flume was set on a stable platform so that the slope angle of the 
channel would be held constant at 16.25 degrees. The angle of the flume was chosen for ease of 
flume set up, but also the ability of the material to flow down the channel at a velocity that varied 
within a small range of values that were appropriate to the scale of the experiment, and allowed for 
the debris-flow front to develop. The material was captured at the end of the flume in a large 






Figure 4.3 Three views of the small-scale flume equipment used to test the design of the debris-flow 
dewatering grate. (a) oblique view of flume showing horizontal grate and release door open at the top of the 
flume. (b) side view of the flume box showing the plexiglass side marked for distance from release gate in 










4.5.2.3 Dewatering brake design 
 
The small-scale dewatering brake was designed to fit snugly in the floor of the flume box 
(Figure 4.3c). The top of the brake, which would constitute the superstructure of the large-scale 
design, was constructed of wooden slats 4.76 mm (3/16 in) wide in plan view and 12 mm (1/2 in) 
high. The wood was coated with Plasti-Dip
tm
 as a sealant to protect it from the water and debris. 
The upstream side of the brake was cut at the same angle as the flume base to create a seamless 
interface between the flume channel and the top of the brake, as well as to provide a horizontal 
surface on top. The first brake tested was 30 cm wide, 30.5 cm long, with 1 cm of space between 
the members resulting in the use of 19 slats creating 20 open spaces. The 1 cm spacing was chosen 
because it was the D85 (the diameter that is larger than 85% of the debris particles) value for the 
debris flow mixture used. The value of D85 as the slat aperture was chosen based on granular filter 
design criteria: this opening allows for drainage of water and the bridging of larger particles will 
not clog the openings (Forrester, 2001). Brake #2 used the same materials for the slats and cross 
supports, but the length was increased to 46 cm, and the spacing was increased to 2 cm, or D100 of 
the debris flow mixture. This aperture was tested to see if the large particles in the mixture would 
still bridge the openings. Brake #3 was 30 cm wide, 46 cm long, and the slit opening was reduced 
back to 1 cm. In test #4 a ‘blank’ surface was used. In this case the surface of the brake was 
covered with solid material to test if the retention of material on the horizontal surface was merely 
due to the change in slope angle in the channel rather than due to the dewatering effect. This serves 







4.5.2.4 Placement in flume 
 
The upstream edge of the brake structure was placed in the flume apparatus 125 cm down 
slope from the release gate of the holding tank. The placement of the brake in the flume was 
selected by testing how the flow developed ‘downstream’ of the release gate. As is mentioned in 
Takahashi (2007), the effectiveness of the mitigation design is increased when the debris flow 
snout has a chance to fully develop. The location of the brake along the length of the flume was 
selected based on the initial test results of debris-flow mixture moving down the flume channel. 
The brake was placed at an appropriate distance for the snout of the debris-flow mix to develop 
before reaching the structure. When testing the debris-flow brakes in series the shorter length 
brake was placed ‘upstream’ of the longer brake that was kept in the original position. The first 
brake was placed 60 cm from the sluice gate on the box and the second grate was kept in the same 




4.5.2.5 Debris flow materials and testing 
 
The debris flow material that was used in the flume experiments was collected from 
various debris flow deposits in Colorado (Swanson and Santi, 2013). The largest particles in the 
cobble and boulder range were removed and the rest of the sample was sieved to create a supply of 
different grain sizes. A percent weight distribution of grain sizes was chosen to replicate the well 
graded nature of a natural debris flow. The grain size distribution for the debris-flow material used 




Figure 4.4  Grain size distribution of material used in the flume experiments. The debris flow material was 
mixed from several sieved field samples to reflect the natural grain size distribution of a debris flow minus 
the very large cobbles and boulders.  
  
Water was added to the debris and stirred until the consistency was comparable to a 
concrete mixture but retained the ability to flow in the flume. The average moisture content of the 
slurry mixture was tested to be on average 7.5 % by weight. The flows generally consolidated to 
produce the characteristic thicker, coarser snout feature commonly seen in naturally occurring 
debris flows.  
The delivery of the material to the flume holding tank was done by hand with a mix-and-
pour strategy. Once in the flume box the material was difficult to mix, so the gate was lifted as 
soon as all the material was in the box. Each pulse of material was followed by the addition of 2- 3 
liters of muddy water to simulate the watery tail of a debris flow surge; this helped to mobilize the 





















Grain Size Distribution 
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that was captured on the brake surface and the amount of debris passing through was measured 
using a graduated bucket. The debris-flow material was then mixed back together and recycled 




4.5.2.6 Results and discussion 
 
Twenty-six flume tests were completed to test the debris-capturing competency of the 
dewatering-brake and the results are presented in Table C-1. While the debris-flow dewatering 
grate was found to be an effective tool for stopping the debris-flow mass in the small-scale flume 
experiments, this was not the primary goal of the experimentation. The goals were to find, for 
design purposes, the expected debris volumes that would be arrested by the brake and the thickness 
of the deposits on the brake surface. Because of the simplistic nature of the flume construction, 
experiment design, and the slightly variable nature of each test, exact replication of the materials, 
water content, and velocity were difficult to achieve; despite this the results showed little variation 
due to these minor changes from test to test. The consistency of the results, even with the test 
variables changing, is a positive result, as a mitigation structure will over its lifetime likely 
encounter debris flows of various sizes, water contents, and grain size distributions. Figure 4.5 
shows a representative result of the flume tests.  
Of the four different styles of grates tested, the slit aperture that represented the D85 value 
of the debris flow mixture was the most effective. The percentage of the debris flow arrested on 








Figure 4.5  Photographs of representative flume test results 
 
represented the D100 value was unsuccessful in arresting the debris flow, as the debris passed 
through the grate surface and only a low percentage of the material was stopped or slowed by the 
grate. Therefore only two test runs were done with this slit spacing. The blank surface tested was 
also unsuccessful at stopping the debris flow.  Although the flow slowed down, most of the debris 
passed over the surface in both the short and long configurations. This result shows that the 
dewatering effect of the grate is what is stopping the flow, not just a change in the slope of the 
channel from 16° to horizontal. Increasing the length of the grate increased the debris capturing 
efficiency overall, and placing two grates in series with a slit opening at the D85 value arrested 
more than 90% of the flow mass in the flume, only allowing the smallest particles to pass through. 
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This result in essence contradicted the original research hypothesis that the dewatering brake 
would only stop the largest, most destructive particles of the debris flow. The well-graded 
character of the debris-flow material promotes the bridging across the gaps in the grate and 
therefore arrests a larger proportion of the overall mass. This affects the design of the structure in 
that a large sub-structure to convey large amounts of fine-grained debris may not be necessary. 
This could allow for the mitigation structure to be built lower in the channel, creating a greater 
freeboard and therefore greater storage area above the horizontal surface.  
In consideration of the one video that exists of a debris flow encountering a dewatering 
structure in Japan, the failure in this documented case was due to the flow being arrested on the 
grate and then subsequent mass being redirected around the sides. In this case, the structure sat 
above the level of the banks where there was no freeboard, bedrock walls, or capturing levees 
available on either side. The potential for avulsion of the flow around the structure after the first 
mass of the debris is captured could be decreased by reducing the volume of the substructure, 
keeping the grate lower within the channel, and perhaps augmenting the banks with a sieve-like 
structure as well (Figure 4.6).  
Although it was hypothesized that the thickness of the debris captured on the grate surface 
would increase with increasing volume of debris available, this was not the observed result of the 
flume tests. Figure 4.7 graphs the volume of debris against the thickness of the debris captured on 
the grate surface. It was thought that the subsequent debris added in a “debris surge” scenario 
would allow for a ‘ramping up’ of the debris on top of the first flow deposits on the grate. What 
was observed was a debris dam forming on the grate and stopping the subsequent debris flow 
surges behind the grate in the wedge deposit upstream. The length of deposits in the wedge behind 
the brake, measured from the upstream edge of the grate, increased slightly with increasing 
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volume. Figure 4.8 plots the volume of debris in the flow versus the length of the resulting deposit 
behind the grate. Because of the difficulties of scaling down certain parameters such as velocity 
and viscosity for small scale debris flows experiments it is also difficult to attach a scaling-up 
coefficient to the results. However, the flume results in this case do guide us in the overall design 
of a dewatering brake by showing that the thickness of the debris deposit on the grate is a function 
of the debris-flow grain-size distribution and water content, thus the thickness of the deposit on the 
grate surface in the field will likely mimic the thickness of previous deposits of debris-flow 






Figure 4.6  The use of a horizontal screen and grated sidewalls for increased dewatering effect and 




Figure 4.7  Graph of the relationship between the thickness of debris deposited on the horizontal 
dewatering brake surface and the volume of debris delivered to the flume. The graph shows no 
correlation between amount of material delivered and thickness of debris on the grate surface.  
 
The volumes of debris captured and passing through into the receiving bin at the end of the 
flume were measured in the lab using a graduated bucket. The volumes of debris captured were 
calculated using the measured thickness of the deposit on the grate and the length and thickness of 
the wedge of material behind the gate. These two measurements show good agreement in general, 
in all cases showing less than 8% error. Discrepancies are likely due to the imprecision in 
measuring material using a graduated bucket and due to rounding errors from discounting the 
variable thicknesses across the deposits. In the design of a dewatering brake the calculation of the 
estimated storage capacity upstream of the grate surface can be based off of the thickness of the 
debris flow deposit expected on the grate, the area of the surface of the grate, and the upstream 
channel slope and wedge of material that can be impounded behind the structure. This is outlined 





Figure 4.8  Graph of the relationship between the length of debris deposited behind the horizontal 
dewatering brake surface and the volume of debris delivered to the flume. The length of the 
arrested material behind the grate shows a slight increase with an increase in amount of material 
delivered to the system. The zero results are where no material was stopped above the grate 
surface. 
 
Moisture content analysis was completed on 4 separate flume runs, with samples taken 
from the slurry mix before putting it into the flume, and also after 3 seconds on the brake surface 
to quantify the change in moisture content. Moisture content was measured by weighing the 
original sample and then oven drying the samples for 24 hours at 105°C (ASTM D2216) and 
reweighing to calculate the difference in weight percent. The original moisture content with an 
average of 7.5% dropped to an average of 5.8 % after the slurry was on the brake surface for 3 
seconds. This small change in the debris-flow water content on the free-draining surface allowed 







4.2.3 Horizontal draining surface experiment 
 
In the original flume experiments the initial flow and subsequent flows were expected to 
overtop each other to create a maximum storage thickness that would be related to the volume of 
debris supplied. However, this was shown not to be the case. Because the results of the original 
flume experiment showed a fairly consistent thickness of debris deposits on the brake surface, 
additional lab experimentation was undertaken to better define the maximum thickness that the 
debris material will achieve on a free draining surface. The hypothesis was that under certain 






The original flume apparatus, as described above, was used as a delivery mechanism for 
the debris-flow material onto an unconfined horizontal open sieve surface. The debris was mixed 
by hand and measured into a bucket, as described above, then poured into the flume at about half 
way up the flume box channel. It was determined that the mix and pour method of delivery was 
acceptable because of the consistent results that were obtained in the original study even with 
various velocities, delivery timing, water content and volumes.   
A laboratory debris-flow mixture was created from debris-flow materials collected in the 
field by Friedman (2012). This material was sieved and remixed to a similar grain-size distribution 
as described above for the flume test (Figure 4.9). The first sets of trials were done with a mixture 
with a wet-concrete consistency and similar water content as the previously used mixtures. Two 
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additional liters of water were added for the second set of trials, and coarser-grained material was 
added to the mixture for the last three trials while maintaining the well-graded grain-size 
distribution by increasing the finer percent mix as well.  
 
Figure 4.9  Grain size distribution of debris material used in the horizontal sieve surface tests. 
Course-grained weight percent was increased in successive testing to determine if deposit height 
on a free draining surface was controlled by maximum grain size. An overall well-graded grain-
size distribution was maintained for all tests.  
 
The flume apparatus was set up to discharge from the channel onto a horizontal sieve 
surface, consisting of large trays from a Gilson sieve. The debris was delivered down the flume 
and allowed to exit onto the open, horizontal free draining surface. For each test run three buckets 
of measured material were delivered to the flume: after each bucket the thickness of the deposit 
was recorded. The sieve surfaces tested were the Gilson sieve #4 (with a grid opening of 4.75 
mm), the 12.5 mm sieve, and the 19 mm sieve, in each case the sieve used was between the D85 































4.2.3.2 Results and discussion 
 
This was a very simple experiment to test the maximum thickness of debris-flow material 
that could be accumulated on a horizontal free-draining surface using the flume box as the delivery 
system. The results show that the debris mixture would pile up to a maximum height as more 
material was added, and then generally collapse down to a residual height despite more material 
being added (Figure 4.10). There was no significant difference in the thickness of the debris 
deposits on the grate surfaces with different sieve opening size. This test ended up essentially 
being a debris slump test with a free draining surface underneath. Tests #1, 2, and 3 consisted of 
the finest grained-material and had thicknesses on the horizontal surface between 8.5 and 10 cm at 
the maximum volume. Tests # 4, 5, and 6 used a debris mix with larger maximum grain size, but 
higher water content so it flowed much more readily with lower yield strength, and the result 
showed thinner deposits on the grate surfaces; between 6.5 and 8.5 cm at the maximum volume of 
material. Adding more coarse-grained material to the mix (Tests #7, 8, and 9) to test if this would 
increase the yield strength and thickness of deposits on the grate did result in a change in the 
deposit thickness on the grate; resulting thicknesses were between 8 and 11.5 cm. The increased 
thickness of the deposit is likely due to bridging and stacking of the larger particles in the mix. 
Conclusions from this exercise are simply that the thickness of the debris-flow deposit is a 
function of the yield strength and water content in the debris flow, and that debris deposits will 
achieve a maximum thickness based on the water content and grain-size distribution. To apply 
these results to the design of a horizontal debris-flow dewatering brake, one could estimate the 
thickness of the deposit that would result on the grate surface from observed values of flow height 
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or deposit thicknesses in the field from previous debris flows. This would aid in the design, 
providing the necessary bank height or freeboard above the grate surface to avoid overflowing.  
 
 
Figure 4.10  Graph of the relationship between the thickness of debris deposited on a horizontal 
sieve surface and the volume of debris delivered. Each test consisted of three stages of delivery of 






There are clearly difficulties scaling small-scale flume experiments of medium-sized 
particles to full-scale natural debris flows containing very large clasts.  Applicability of laboratory-
scale experimentation to field-scale implementation is often not as simple as scaling values up by a 
multiplier, or certain order of magnitude. There are many considerations of how well a scaled-
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scale-up laboratory results for the size of debris flow deposits, relying on statistical significance 
for their regression equations to validate his results. However, he noted that there are additional 
factors that must be taken into account because model results could not completely represent the 
actual size of debris flow deposition, adding that the final size of a debris flow deposition is the 
consequence of comprehensive action of multiple factors expressed by a group of nonlinear 
functions. Lin et al. (2007) presents a dimensional analysis for their debris-flow model and 
prototype; scaling the eight parameters of length, velocity, discharge, cross-sectional area, time, 
volume, specific gravity, and percentage weight of grains in the debris flow. In this case the 
researchers had collected field data that was used to compare to the laboratory testing. In 
Tiberghien et al. (2007) a model fluid is used to increase the viscosity for the physical simulation 
of mudflows at the laboratory scale allowing for a transparent fluid for observation. In other cases 
downscaling the grain-size distribution of natural debris-flow deposits is the only step taken for 
laboratory flume tests (Lien, 2003; Berzi and Larcan, 2007; Armanini and Larcher, 2001; 
Deganutti et al., 2003). In our research the small-scale debris-flow lab experiments allowed for the 
assessment of the capturing efficiency of the debris-flow dewatering brake design and to test the 
hypothesis that an increase in volume of material would increase the thickness of debris on the 
horizontal surface. The results are scaled up only in the sense that a larger brake surface will 
correspond to a larger amount of material stored in the channel. The thickness of the deposit was 
shown to not change with volume and was related to the yield strength of the material being used.   
Future research into the design and applicability of the horizontal dewatering structure should 








4.7 Conclusions  
 
The horizontal debris-flow dewatering brake was shown to be an effective means of 
stopping debris flows in small-scale flume experiments. The effectiveness of the brake in the 
laboratory experiments was controlled by the size of the superstructure (length and width) and the 
thickness of the debris flow that was stopped on the brake surface. The thickness of the debris on 
the brake depended on the characteristics of the debris-flow mass and not necessarily on the 
volume of material supplied. The thickness of the debris flow deposit is an important design 
parameter that can be measured or estimated from field measurements of past debris flow deposits.  
For the design of the debris-flow brake in this simple experiment the grate spacing was 
chosen to be the D85 value of the debris-flow material. It was concluded from the testing of 
horizontal free-draining surfaces that any aperture opening is effective as long as it is free draining, 
large enough to avoid getting clogged with fines, and small enough to capture and bridge the larger 
particles. As a design consideration, for ease of maintenance, the slit aperture of the grate could be 
matched to the width of the teeth of bulldozing equipment available, if this was not deemed to be 
too large (>D90) for the sediment supply in the channel.  
It is important to design a brake system so that there are no alternate paths for the debris 
flow around the structure.  Placement of the brake in a bedrock channel is ideal, with sufficient 
freeboard to prevent overflow.  If needed, screens can be placed on sidewalls to accelerate the 
process of deposition (see Figure 4.6). Traditional check dams are generally built in steep stream 
reaches (Armanini and Larcher, 2001), but a dewatering brake can be placed in the lower reaches 
of the channel where the channel gradient is less and the storage capacity behind the structure can 
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be maximized. Placement lower in the channel can also improve the ease of construction and 
maintenance.  
Design of any mitigation structure needs to consider the overall purpose, cost, resources, 
and equipment available for design. Although not tested specifically as part of this study it is 
hypothesized that a debris-flow dewatering brake can be designed and implemented as an 
appropriate low-tech and corresponding low-cost form of mitigation. This design can be made 
from local materials, utilize local construction, and can be designed for easy clean out and 
maintenance that would require very little specialized equipment.  
Further investigation into the implementation and effectiveness of the horizontal debris-
flow dewatering brake should include review of sites that have used this mitigation design, such as 
those reported in Japan, to assess their performance in the field. A field test site, such as torrents in 
the Swiss Alps which have been used  to monitor debris flows and test mitigation measures 
(Hürlimann et al. 2003), could be established in areas known to experience frequent debris-flows, 




4.8. Example Design – Chalk Cliffs, CO  
 
The Chalk Cliffs in Colorado provide an excellent natural laboratory for debris flow 
studies. The steep bedrock-dominated slopes are sparsely vegetated and generate an average of 2 
debris flows per year. The debris-flow prone areas are already monitored by the USGS with 
instrumentation such as ultra-sonic sensors, pressure transducers, force plates and video and still 
cameras (Coe, 2008). Debris flows on occasion cross the county road and in 2007 a debris flow 
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impacted the community of Alpine, CO. This area is a good candidate for the implementation of a 





Example Design – Chalk Cliffs, CO  
 
Channel Characteristics:  
   
Total area of basin = 0.3 km
2
   
GSD in channel is well graded   
Cross-sectional area (A) = 16 m
2
  
Max deposit thickness = 110 cm, avg. ~50cm 
Rectangular cross-section shape   
Slope of channel (avg.) = 7°   
Width of channel = 4 m 
Depth of channel = 4 m 
D85 –D90 sediment size = 2 cm 




Debris flow Characteristics: 
 
Velocity – measured velocity:  4 - 13 m/s (McCoy et al., 2011; Coe, 2008) 
 
 In this case velocities have been measured.  In the case where this is not available, estimations can be 
made using various equations or back-calculations from super elevation and run-up measurements. 
Rickenmann (1999) and Prochaska (2008) provide multiple equations for calculating velocity of 
debris flows.  
 
Flow depth – peak flow depth: 0.2 – 0.35m (McCoy et al., 2011) 
 
Peak discharge –because velocity and flow depth are known, peak discharge is calculated as (depth x 




Using the highest depth and fastest velocity measurements available accounts for the surge front of the 
debris flow mass 
 
Volume of debris flow –  
 
In this case the total volume of the debris flows in the past are unknown. Volume estimations could be 
obtained from equations provided in sources such as Hungr et al. (1984) and Giraud (2005), from 





Siting and storage characteristics: The desirable siting of the debris-flow brake would be in the lower 
reach of the channel just upstream from the road crossing, for ease of access for construction, 
maintenance and clean-out. The channel slope at this site is 7° 
 





Photograph of the Chalk Cliffs debris flow 





Figure 4.11 continued 
 
B= the width of the dam, H= the height of the arrested debris flow deposit (maximum deposit thickness 
from measured channel characteristics), and Io and Id are the initial channel slope (7°) and the deposit 
slope (2/3 Io ), respectively. 
 
The calculated storage capacity of the upstream wedge behind a 1m high debris dam in a 4 m wide 




This upstream storage capacity is added to the storage capacity on top of the grate, which would equal 
(1m depth x 4m width x chosen length) for the total potential volume of debris arrested by the debris 




Length – 4 m 
Width – 4 m 
Grate aperture – 2 cm 
Angle of screen – horizontal  
Potential debris capture on grate – 16.0 m
3 





Length – 6 m 
Width – 4 m 
Grate aperture – 2 cm 
Angle of screen – horizontal  
Potential capture on grate – 24.0 m
3 





Length – 8 m 
Width – 4 m 
Grate aperture – 2 cm 
Angle of screen – horizontal  
Potential capture on grate – 32.0 m
3
 




To accommodate the calculated peak discharge (18.2 m
3
/s) and subsequent surges in the channel the 
optimum grate design is the square. This design provides the necessary storage capacity without 
overdesign. Alternatively, two square grates placed in sequence in the same channel reach would have 
the potential to arrest and store ~126.5 m
3
 of debris.  
 
This is an initial simple design for this specific channel. To increase the storage capacity of the 
dewatering brakes more than two brakes could be used in sequence or a debris basin could be used in 
conjunction with the dewatering brake. To further protect downstream infrastructure a vertical structure 
such as a fence or dam could be designed based on the reduced mass, velocity and impact forces after 





CHAPTER 5 CONCLUSIONS 
 
Debris flows pose a significant hazard to infrastructure and communities worldwide. 
There is an increase in the risk from debris flows because of expansion of development into 
marginal areas at the wildland urban interface, as well as climate change. Debris-flow hazards 
include large rafted boulders, large quantities of mud and debris, and high velocities that create 
great impact energies. Debris flows often occur with little warning. In post-wildfire areas, debris-
flow frequencies are increased because the thresholds for triggering rainfall events are lowered. 
Implications from this study to the application of debris-flow risk assessment include a better 
understanding in the increase in frequency, and an assessment of the magnitudes, of post-wildfire 
debris-flow events. Increased preparedness for debris-flow hazards reduces overall risk to 
communities.  
As the climate changes and the incidence of wildfires is increased, the frequency of post-
wildfire debris flows will also increase. Increasing area burned by wildfire and increasing intense 
precipitation events with predicted climate change will produce a significant increase in the 
occurrence of post-wildfire debris flows in the western United States. A positive correlation is 
shown between an increase in wildfire area and number of debris flows. The probability of a 
debris flow happening in a burned watershed is influenced by climate change and with 
conservative model interpretation, post-wildfire debris-flow probabilities increase by 0.4% to 
20.8%. The predictive debris-flow volume equation for the Intermountain West is influenced by 
factors that will be affected by climate change in the coming decades, and debris-flow volumes 




implications of increased incidence of wildfire-related debris flows will help agencies and 
communities better manage the associated risk.  
The limitations of this particular study are the small data set representing post-wildfire 
debris flows, and the generality of most of the climate models available. Future research should 
be conducted in this area to better predict the aerial concentration of post-wildfire debris flows, 
and to locate specific areas vulnerable to the fire and precipitation changes that lead to debris-
flow generation. There is a growing published library on climate model applicability and 
advantages and disadvantages of each model and its outcomes. There are also ever expanding 
sources of data available for inputs into models to make them more accurate so that they may 
better represent real and future scenarios. A climate change model run specifically to target areas 
vulnerable to the overlap of fire increases and precipitation changes that could result 
infrastructure-damaging debris flows could be developed for the western U.S. 
Compilation of a database of debris-flow peak discharges (Q) allowed for a comparison 
with the expected basin discharge as computed using the rational method, Q=CIA. The observed 
values of Q for debris flows in unburned and burned areas were divided by the computed Q 
values of runoff using the rational method. This ratio is the ‘bulking factor’ for that debris-flow 
event. It was shown that unburned and burned basins constitute two distinct populations for 
debris–flow bulking, and that the bulking factors for burned areas are consistently higher than for 
unburned basins. Previously published bulking factors for unburned areas fit the data set in about 
50% of the cases. Conversely,  the bulking factors for burned areas that were found in the 
published literature were well below the increases seen  in over  half of the cases investigated in 




basin for the given rainfall intensity. Peak discharge bulking rates were found to be inversely 
related to basin area.  
The rational method, long used to design hydrologic conveyances, culverts, drainages, 
and bridges may be highly under-estimating the debris-flow peak discharge from a basin, 
especially a post-wildfire setting. It was found that is it likely that most drainage design will not 
accommodate the bulked peak discharge of a debris flow. For practical design, and debris-flow 
mitigation strategies, further exploration into the bulking factors associated with debris flows is 
warranted. The project presented here compiled a debris-flow peak-discharge database from the 
records in the published literature. Future research should expand on this preliminary data to 
include more records and attributes of basin morphology and rainfall variables. These additional 
data points will help to elucidate the causes of the bulking factor changes in a basin.  
A small-scale flume experiment was conducted to assess the design considerations for a 
horizontal dewatering debris-flow-brake. A design sequence, which was previously unavailable 
in the published literature, was developed from comparison to other mitigation design strategies 
and from results of laboratory flume experiments. It is concluded that the most important input 
parameters into the design of a debris-flow dewatering brake are the expected thickness of the 
debris-flow deposit and the channel shape. The volume of debris that can be stopped and stored 
by this mitigation design is a function of the debris-flow height and the channel slope.  The 
thickness of the debris that is arrested on the grate depends on the depositional properties of the 
debris-flow mass, such as the unit weight of the material, but was not affected by volume of the 
debris available. The ideal brake is a free draining surface with an aperture smaller than the D90 




Mitigation design is a crucial step in preparedness for debris-flow risk avoidance. One 
possible practical and easy mitigation strategy was shown to be a horizontal dewatering 
structure. The horizontal nature removes the vertical impact forces which can be significant and 
difficult to calculate before the event, and the horizontal dewatering structure was shown to be 
effective in a lab-scale flume study. Scaling factors are difficult, but the experiments provided 
some insight to the possibility of using a quickly implemented design in a post-wildfire setting. 
Design of any mitigation structure needs to consider the overall purpose of the mitigation, cost, 
resources, and equipment available for design. Although not tested specifically as part of this 
study it is hypothesized that a debris-flow dewatering brake can be designed and implemented as 
an appropriate low-tech and corresponding low-cost form of mitigation. Changing the idea that 
mitigation structures have to be a large and imposing, but rather something as simple as a sieve, 
could be implemented in concert with vertical protection such as a ring net fence, small slit dam, 
or debris rack.  This design could be made from local materials, utilize local construction, and 
could be designed for easy clean out and maintenance that would require very little specialized 
equipment. Further investigation into the implementation and effectiveness of the horizontal 
debris-flow dewatering brake should include review of sites that have used this mitigation 
design, such as those reported in Japan, to assess their performance in the field. A field test site, 
such as Illgraben Torrent in the Alps which has been used to test other mitigation measures, 
could be established in areas known to experience frequent debris-flows, such as the Chalk Cliffs 
in Colorado. 
Although not specifically a risk analysis or risk reduction study, this research advances 
the current bodies of knowledge on post-wildfire debris-flow risk parameters including 




in a mitigation design strategy. While some of the results presented here are considered 
preliminary, each research avenue was novel in its approach and provides a foundation for future 








Abrams, L., 2014, Feds: Wildfire season is expected to go way over budget, and climate change 
is to blame: Salon. May 2, 2014. 
http://www.salon.com/2014/05/02/feds_wildfire_season_is_expected_to_go_way_over_budg
et_and_climate_change_is_to_blame/ 
Ahlstrom, M., 2013, Post-fire debris flow erosion in the San Gabriel Mountains, California: 
Evidence form the Station Fire, 2009. Master of Science thesis, California State University, 
Northridge.  
Allan, R.P., and Soden, B.J., 2008, Atmospheric warming and the amplification of precipitation 
extremes: Science, vol. 321, no. 5895, pp. 1481-1484. 
Armanini, A., and Larcher, M., 2001, Rational Criterion for designing opening of slit-check dam: 
Journal of Hydraulic Engineering, vol. 127, no.2, pp. 94-104. 
Associated Press, 2014, Climate Change increasing risks in Northwest: The Big Story. May 6, 
2014. http://bigstory.ap.org/article/climate-change-increasing-risks-northwest 
Balling Jr, R. C., Meyer, G. A., and Wells, S.G., 1992, Climate change in Yellowstone National 
Park: is the drought-related risk of wildfires increasing?: Climatic Change, v. 22, no.1, p. 35-
45. 
Berzi, D., and Larcan, E., 2007, Laboratory investigation of dam-break flow of a mixture of 
water and granular matter: Debris-Flow Hazards Mitigation: Mechanics, Prediction, and 
Assessment, Chen and Major, eds., pp. 223- 227. 
Booker, F.A., 1998, Landscape management response to wildfires in California: MS Thesis, 
University of California, Berkeley, California, 436 p. 
Bovis, M. J., and Jakob, M., 1999, The role of debris supply conditions in predicting debris flow 
activity. Earth surface processes and landforms, vol. 24 no.11, pp. 1039-1054. 
Bright Hub Engineering http://www.brighthubengineering.com/hydraulics-civil-
engineering/93173-runoff-coefficients-for-use-in-rational-method-calculations/ 
Brown, T., Hall, B., and Westerling, A., 2004, The impact of twenty-first century climate change 
on wildland fire danger in the western United States: an applications perspective: Climatic 
Change, v. 62 (1), p. 365-388. 




Burns, S., Cannon, S.H., and Keaton, J., 2011, Landslide Hazards: A stealth threat to the nation; 
Presentation in cooperation with the Congressional Hazards Caucus. 
http://www.hazardscaucus.org/briefings/Cannon_062111.pdf  
Caine, N.,1980, The rainfall intensity: duration control of shallow landslides and debris 
flows: Geografiska Annaler. Series A. Physical Geography, pp. 23-27. 
California Department of Transportation (Caltrans), 2014, Highway Design Manual, Chapter 
810- Hydrology, updated 3-07-2014; http://www.dot.ca.gov/hq/oppd/hdm/hdmtoc.htm#hdm 
Cannon, S. H., and Gartner, J. E., 2005, Wildfire-related debris flow from a hazards perspective. 
In Debris-flow hazards and related phenomena, pp. 363-385, Springer Berlin Heidelberg. 
Cannon, S. H., Boldt, E. M., Laber, J. L., Kean, J. W., and Staley, D. M., 2011, Rainfall 
intensity–duration thresholds for postfire debris-flow emergency-response planning: Natural 
Hazards, vol. 59, no.1, pp. 209-236. 
Cannon, S.H. and Reneau, S.L., 2000, Conditions for generation of fire-related debris flows, 
Capulin Canyon, New Mexico: Earth Surface Processes and Landforms, v. 25, p. 1103-1121.  
Cannon, S.H., 2001, Debris-flow generation from recently burned watersheds: Environmental 
and Engineering Geoscience, v. VII. N. 4, p. 321-341. 
Cannon, S.H., and DeGraff, J., 2009, The increasing wildfire and post-fire debris-flow threat in 
Western USA, and implications for consequences of climate change: Landslides- Disaster 
Risk Reduction, K.Sassa, P. Canuti (eds.). Springer-Verlag Berlin Heidelberg, 2009.  
Cannon, S.H., Gartner, J.E., Holland-Sears, A., Thurston, B.M., and Gleason, J.A., 2003, Debris 
flow response of basins burned by the 2002 Coal Seam and Missionary Ridge fires, 
Colorado, in Boyer, D.D., Santi, P.M., and Rogers, W.P., eds., Engineering Geology in 
Colorado-Contributions, Trends, and Case Histories:  Association of Engineering Geologists 
Special Publication 14, Colorado Geological Survey Special Publication 55, 31 p., on CD-
ROM. 
Cannon, S.H., Gartner, J.E., Rupert, M.G., Michael, J.A., Rea, A.H., and Parrett, C., 2010, 
Predicting the probability and volume of post wildfire debris flows in the intermountain 
western United States: GSA Bulletin, v.122, n. 1 /2, p. 127-144.  
Cannon, S.H., Gartner, J.E., Rupert, M.G., Michael, J.A., Staley, D.M., and Worstell, B.B., 2010, 
Emergency assessment of postfire debris-flow hazards for the 2009 Station fire, San Gabriel 
Mountains, southern California: U.S. Geological Survey Open–File Report 2009-1227, 27 p. 
(Revised April 2010) 
Cannon, S.H., Gartner, J.E., Wilson, R., Bowers, J.C., and Laber, J.L, 2008, Storm rainfall 
conditions for floods and debris flows for recently burned areas in southwestern Colorado 




Chen, C.T., and Knutson, T., 2008, On the verification and comparison of extreme rainfall 
indices from climate models: Journal of Climate, vol. 21, p. 1605-1621. 
Chien-Yuan, C., Tien-Chien, C., Fan-Chieh, Y., Wen-Hui, Y., and Chun-Chieh, T., 2005, 
Rainfall duration and debris-flow initiated studies for real-time monitoring. Environmental 
Geology, vol. 47, no. 5, pp. 715-724. 
Chow, V. T., 1962, Hydrologic determination of waterway areas for the design of drainage 
structures in small drainage basins. Engineering experiment station bulletin, 59 (Bulletin No. 
462). 
Climate Central, 2012, The Age of Western Wildfires. 
http://www.climatecentral.org/wgts/wildfires/Wildfires2012.pdf  
Coe, J., Kinner, D., and Godt, J., 2008, Initiation conditions for debris flows generated by runoff 
at Chalk Cliffs, central Colorado: Geomorphology, vol. 96, pp.270-297.  
Colorado Department of Transportation (CDOT), 2004, Drainage Design Manual, Chapter 7: 
Hydrology, https://www.codot.gov/programs/environmental/water-
quality/documents/drainage-design-manual 
Davidson, O.G., 2013, The Great Burning: How wildfires are threatening the West: Rolling 
Stone Magazine. August 1, 2013. http://www.rollingstone.com/politics/news/the-great-
burning-how-wildfires-are-threatening-the-west-20130801 
Davies, T., 1990, Debris-flow surges- Experimental simulation: Journal of Hydrology (N.Z.), 
vol. 29, no. 1, pp. 18-46. 
Deganutti, A.M., Tecca, P.R., Genevois, R., and Galgaro, A., 2003, Field and laboratory study 
on the deposition features of a debris flow: in Debris-Flow Hazards and Mitigation: 
Mechanics, Prediction, and Assessment, Rickenmann and Chen (eds),  pp. 833-841. 
DeGraff, J. V., Cannon, S. H., and Gallegos, A. J., 2007, Reducing post-wildfire debris flow risk 
through the Burned Area Emergency Response (BAER) process. In Conference 
Presentations, 1st North American Landslide Conference, Vail, CO, AEG Special 
Publication,No. 23, pp. 1440-1447. 
Delaware Department of Transportation (delDOT), 2011, Road Design Manual, Chapter 6: 
Drainage and Stormwater Management, 
http://www.deldot.gov/information/pubs_forms/manuals/road_design/pdf/06_drainage_storm
water_mgmt.pdf 
Eaton, E.C., 1935, Flood and erosion control problems and their solution: American Society of 
Civil Engineers Transactions, paper number 1950, v. 101, pp. 1302-1362. 
Ebel, B. A., and Moody, J. A., 2013, Rethinking infiltration in wildfire‐affected 




Evans, S. G., and Clague, J. J., 1994, Recent climatic change and catastrophic geomorphic 
processes in mountain environments. Geomorphology, vol. 10, no. 1, pp.107-128. 
Fetter, C.W., 2001, Applied Hydrogeology, fourth edition. Prentice Hall, 598p.  
Flannigan, M.D., Stocks, B.J., and Wotton, B.M., 2000, Climate Change and forest fires: The 
Science of the Total Environment, v. 262, p. 221-229.  
Florsheim, J.L., Keller, E.A., and Best, D.W., 1991, Fluvial sediment transport in response to 
moderate storm flows following chaparral wildfire, Ventura County, southern California: 
Geological Society of America Bulletin, v. 103, pp. 504-511. 
Forrester, K., 2001. Subsurface drainage for slope stabilization. ASCE press, 208p. 
Fowler, H. J., Blenkinsop, S., and Tebaldi, C., 2007, Linking climate change modelling to 
impacts studies: recent advances in downscaling techniques for hydrological modelling: 
International Journal of Climatology, v. 27, n. 12, p. 1547-1578. 
Fried, J.S., Torn, M.S., and Mills, E., 2004, The impact of climate change on wildfire severity: A 
regional forecast for Northern California: Climatic Change, v. 64, pp. 169-191.  
Friedman, E.Q and Santi, P.M., 2014, Debris-flow Hazard Assessment and Model Validation 
Following the Medano Fire, Great Sand Dunes National Park and Preserve, 
Colorado: Landslides, DOI 10.1007/s10346-013-0462-9. 
Friedman, E.Q., 2012, Debris-Flow Hazard Assessment for the 2010 Medano Pass Fire Burn 
Area, Great Sand Dunes National Park and Preserve, Colorado, unpublished Master’s thesis, 
Colorado School of Mines, 93 p. 
Gartner, J. E., Cannon, S. H., Bigio, E. R., Davis, N. K., Parrett, C.,  Pierce, K.L., Rupert, M. G., 
Thurston, B. L., Trebish, M. J., Garcia, S. P., and Rea, A. H., 2005, Compilation of data 
relating to the erosive response of 606 recently burned basins in the Western U.S., U.S. 
Geological Survey Open-File Report 2005-1218. 
Gartner, J.E., 2005. Relations Between Debris-flow Volumes Generated from Recently Burned 
Basins and Basin Morphology, Triggering Storm Rainfall and Material Properties. M.S. 
thesis, University of Colorado, Boulder, CO. 
Gartner, J.E., Bigio, E.R., and Cannon, S.H., 2004, Compilation of post wildfire runoff-events 
data from the Western United States. U.S. Geological Survey Open-file report 2004-1085 
(on-line at http://pubs.usgs.gov/of/2004/1085/Database.htm) 
Giraud, R. E., and McDonald, G. N., 2007, The 2000–2004 fire-related debris flows in Northern 
Utah: AEG Special Publication, v. 23, p. 1522-1531. 
Giraud, R., 2005, Guidelines or the geologic hazard evaluation of debris-flow hazards on alluvial 




Grissino-Mayer, H.D., Romme, W.H., Floyd, M.L., and Hanna, D.D., 2004, Climatic and human 
influences on fire regimes of the southern San Juan Mountains, Colorado, USA: Ecology, v. 
85, no. 6, pp. 1708- 1724.  
Guzzetti, F., Peruccacci, S., Rossi, M., and Stark, C. P., 2008, The rainfall intensity–duration 
control of shallow landslides and debris flows: an update: Landslides, vol. 5, no.1, pp. 3-17.  
Hamlet, A.F., and Lettenmaier, D.P., 2007, Effects of 20
th
 century warming and climate 
variability on flood risk in the western U.S.: Water Resources Research, v. 43, W06427. 
Hayes, D.C., and Young, R.L., 2006, Comparison of peak discharge and runoff characteristic 
estimates from the rational method to field observations for small basins in central Virginia, 
USGS Scientific Investigations Report 2005-5254, 44 p. 
Hidalgo, H.G., Das, T., Dettinger, M.D., Cayan, D.R., Pierce, D.W., Barnett, T.P., Bala, G., 
Mirin, A., Wood, A.W., Bonfils, C., Santer, B.D., and Nozawa, T., 2009, Detection and 
attribution of streamflow timing and changes to climate change in the Western United States: 
Journal of Climate, v. 22, p. 3838- 3855 
Howell, P., 2006, Effects of wildfire and subsequent hydrologic events on fish distribution and 
abundance in tributaries of North Fork John Day River: North American Journal of Fisheries 



































Hübl, J., Strauss, A., Holub, M., and Suda, J., 2005, Structural Mitigation Measures: Proceedings 
of the 3
rd
 probabilistic workshop: Technical Systems and Natural Hazards, 24-25 Nov. 2005.  
Huebl, J., and Fiebiger, G., 2005 Debris-flow mitigation measures in Debris-flow Hazards and 
Related Phenomena, Jakob and Hungr (eds). ISBN: 3-540-20726-0 
Hungr, O., 2000, Analysis of debris flow surges using the theory of uniformly progressive flow: 
Earth Surface Processes and Landforms, vol. 25, pp. 1-13. 
Hungr, O., McDougall, S., and Bovis, M., 2005, Entrainment of material by debris flows: in 
Debris-flow Hazards and Related Phenomena, Jakob and Hungr (eds). ISBN: 3-540-20726-0 
Hungr, O., Morgan, G.C., and Kellerhals, R., 1984, Quantitative Analysis of Debris Torrent 
Hazards for Design of Remedial Measures: Canadian Geotechnical Journal, vol. 21, pp. 663-
677. 
Hürlimann, M., Rickenmann, D., and Graf, C., 2003, Field and monitoring data of debris-flow 




Ikeya, H., 1989, Debris flow and its countermeasures in Japan: Bulletin of the International 
Association of Engineering Geology, no.40, pp. 15-33. 
Jaeggi, M and Pellandini, S., 1997, Torrent Check Dams as a Control Measure for Debris Flows, 
in Armanini, A. and Michiue, M., eds., Recent Developments on Debris Flows: Springer, 
Berlin, pp. 186-207. 
Jakob, M., and Lambert, S., 2009, Climate change effects on landslides along the southwest 
coast of British Columbia. Geomorphology, vol. 107, no. 3, pp. 275-284. 
Jakob, M., and Hungr, O., (eds) Debris-flow Hazards and Related Phenomena. 2005. 
Jakob, M., Hungr, O., and Jakob, D. M., 2005, Debris-flow hazards and related phenomena, pp. 
136-157. Berlin: Springer. 
Johnson, P.A. and McCuen, R.H., 1989. Slit dam design for debris flow mitigation: Journal of 
Hydraulic Engineering, vol.115, no. 9, pp. 1293- 1296. 
Jordan, P. and Covert, S.A., 2009, Debris flows and floods following the 2003 wildfires in 
Southern British Columbia: Environmental and Engineering Geoscience, Vol. 15, no. 4, pp. 
217-234.  
Karl, T.R., and Knight, R. W., 1998, Secular trends of precipitation amount, frequency, and 
intensity in the United States: Bulletin of the American Meteorological Society, v. 79, n.2, 
p.231-241. 
Kharin, V.V., Zwiers, F.W., Zhang, X., and Hegerl, G.C., 2007, Changes in temperature and 
precipitation extremes in the IPCC ensemble of global coupled model simulations: Journal of 
Climate, v. 20, p. 1419- 1444. 
Kim, J., 2005, A projection of the effects of the climate change induced by increased CO2 on the 
extreme hydrologic events in the Western U.S.: Climatic Change, v. 68, p. 153-168. 
Knickerbocker, B., 2013, Colorado Fire: Is global warming one of the culprits?: The Christian 
Science Monitor. June 15, 2013. http://www.csmonitor.com/USA/2013/0615/Colorado-fire-
Is-global-warming-one-of-the-culprits-video 
Krammes, J.S., and Rice, R.M., 1963, Effect of fire on the San Dimas Experimental 
Forest, in Proceedings, Arizona seventh annual watershed symposium, Phoenix, Arizona, 
September 1963, pp. 31-34. 
Leung, L.R., Qian, Y., Bian, X., Washington, W.M., Han, J., and Roads, J.O., 2004, Mid-
Century ensemble regional climate change scenarios for the western United States: Climatic 
Change, v. 62, p. 75-113. 
Lien, H., and Tsai, Fang-Wu, 2000, Debris flow control using slit dams: International Journal of 




Lien, Hui-Pang, 2003, Design of slit dams for controlling stony debris flows: International 
Journal of Sediment Research, vol. 18, no.1, pp. 74-87.  
Littell, J.S., McKenzie, D., Peterson, D.L., and Westerling, A.L., 2009, Climate and wildfire area 
burned in western U.S. ecoprovinces, 1916-2003: Ecological Applications, v. 19, no. 4, pp. 
1003-1021 
Liu, X., 1996, Size of debris flow deposition: model experiment approach: Environmental 
Geology, vol. 28, no. 2, pp. 70-77 
Los Angeles County Department of Public Works, 2006, Hydrology Manual, Modified Rational 
Method Hydrology Support Files; http://dpw.lacounty.gov/wrd/Publication/index.cfm 
MacDonald, L. H., and Huffman, E. L., 2004, Post-fire soil water repellency. Soil Science 
Society of America Journal, vol. 68, no.5, pp. 1729-1734. 
Major, J. J., and Iverson, R. M., 1999, Debris-flow deposition: Effects of pore-fluid pressure and 
friction concentrated at flow margins. Geological Society of America Bulletin, vol. 111, 
no.10, pp. 1424-1434. 
Maraun, D., Wetterhall, F., Ireson, A.M., Chandler, R.E., Kendon, E.J., Widmann, M., Brienen, 
S., Rust, H.W., Sauter, T., Themeble, M., Venema, V.K.C., Chun, K.P., Goodess, C.M., 
Jones, R.G., Onof, C., Vrac, M., and Thiele-Eich, I., 2010, Precipitation Downscaling Under 
Climate Change: Recent developments to bridge the gap between dynamical models and end 
user: Reviews in Geophysics, v. 48, RG3003, 34 p. 
Marchi, L., Arattano, M., and Deganutti, A. M., 2002, Ten years of debris-flow monitoring in the 
Moscardo Torrent (Italian Alps): Geomorphology, vol. 46, no.1, pp. 1-17. 
Matsumoto, C., 2007, Debris Flow Hazard Assessment, Avalon School; MISSION File Number 
07-665, Mission Geoscience, Inc. Oct. 15, 2007. 
McCoy, S.W. , Coe J.A., Kean J.W., Tucker G.E., Staley D.M., and Wasklewicz, T.A., 2011, 
Observations of debris flows at Chalk Cliffs, Colorado, USA: Part 1, In‐situ measurements of 
flow dynamics, tracer particle movement, and video imagery from the summer of 2009 
Italian Journal of Engineering Geology and Environment 1 (11), 65-75 
McDonald, G. N., and Giraud, R. E., 2002, September 12, 2002, Fire-related debris flows east of 
Santaquin and Spring Lake. Utah County, Utah: Utah Geological Survey Technical Report, 
02-09. 
Mearns, L. O., Giorgi, F., Whetton, P., Pabon, D., Hulme, M., and Lal, M., 2003, Guidelines for 
Use of Climate Scenarios Developed from Regional Climate Model Experiments: 
http://www.ipcc-data.org/guidelines/pages/gcm_guide.html, DDC of IPCC TGCIA Final 
Version - 10/30/03  





Meehl, G.A., Zwiers, F., Evans, J., Knutson, T., Mearns, L., and Whetton, P., 2000, Trends in 
extreme weather and climate events: Issues related to modeling extremes in projections of 
future climate change. Bulletin of the American Meteorological Society, vol. 81, no. 3, p. 
427- 436. 
Meyer, G. A., Wells, S. G., Balling, R.C., Jr., and Jull, A.J.T., 1992, Response of alluvial 
systems to fire and climate change in Yellowstone National Park: Nature, v. 357, no. 14, p. 
147-150. 
Meyer, G.A., Pierce, J.L., Wood, S.H., and Jull, A.J.T., 2001, Fire, storms, and erosional events 
in the Idaho Batholith: Hydrological Processes, v. 15, p. 3025-3038.  
Millspaugh, S. H., Whitlock, C., and Bartlein, P. J., 2000, Variations in fire frequency and 
climate over the past 17 000 yr in central Yellowstone National Park: Geology, v. 28, n. 3, p. 
211-214. 
Moody, J. A., Shakesby, R. A., Robichaud, P. R., Cannon, S. H., and Martin, D. A., 2013, 
Current research issues related to post-wildfire runoff and erosion processes. Earth-Science 
Reviews, vol. 122, pp. 10-37. 
Moody, J.A., and Martin, D.A., 2001, Post-fire, rainfall intensity –peak discharge relations for 
three mountainous watersheds in the western USA: Hydrological Processes, v. 15, p. 2981-
2993. 
Moody, J.A., and Martin, D.A., 2001a, Initial hydrologic and geomorphic response following a 
wildfire in the Colorado Front Range: Earth Surface Processes and Landforms, v. 26, pp. 
1049-1070. 
Moody, J.A., Martin, D.A., and Cannon, S.H., 2008, Post-wildfire erosion response in two 
geologic terrains in the western USA: Geomorphology, v. 95, pp. 103-118. 
Morgan, P., Heyerdahl, E. K., and Gibson, C. E., 2008, Multi-season climate synchronized forest 
fires throughout the 20th century, northern Rockies, USA: Ecology, v. 89, n.3, p. 717-728. 
Nearing, M.A., 2001, Potential changes in rainfall erosivity in the U.S. with climate change 
during the 21
st
 century: Journal of Soil and Water Conservation, v. 56, n. 3, p. 229-232.  
Nunes, J. P., Seixas, J., Keizer, J. J., and Ferreira, A. J. D., 2009, Sensitivity of runoff and soil 
erosion to climate change in two Mediterranean watersheds. Part II: assessing impacts from 
changes in storm rainfall, soil moisture and vegetation cover. Hydrological processes, vol. 
23, no.8, pp. 1212-1220. 
Okubo, S., Ikeya, H., Ishikawa, Y., and Yamada, T., 1997, Development of New Methods for 
Countermeasures against Debris Flows, in Armanini, A. and Michiue, M., eds., Recent 
Developments on Debris Flows: Springer, Berlin, pp. 166-185. 
Osti, R., and Egashira, S., 2008, Methods to improve the mitigative effectiveness of a series of 




Parrett, C., 1987, Fire-related debris flows in the Beaver Creek drainage, Lewis and Clark 
County, Montana: U.S. Geological Survey Water-Supply Paper 2330, pp. 57-67. 
Parrett, C., Cannon, S.H., and Pierce, K.L., 2003, Wildfire-related floods and debris flows in 
Montana in 2001: U.S. Geological Survey Water-Resources Investigations Report 03-4319. 
Pierson, F. B., Robichaud, P. R., and Spaeth, K. E., 2001, Spatial and temporal effects of wildfire 
on the hydrology of a steep rangeland watershed: Hydrological processes, vol 15, no 15, pp. 
2905-2916. 
Price, C., and Rind, D., 1994, The impact of a 2× CO2 climate on lightning-caused fires: Journal 
of Climate, v. 7, n. 10, p. 1484-1494. 
Prochaska, A., Santi, P., Higgins, J., and Cannon, S., 2008, A study of methods to estimate 
debris flow velocity: Landslides, vol. 5 pp. 431-444 
Rebetez, M., Lugon, R., and Baeriswyl, P. A., 1997, Climatic change and debris flows in high 
mountain regions: the case study of the Ritigraben torrent (Swiss Alps). Climatic change, vol. 
36, no 3-4, pp. 371-389. 
Rice, D., 2014, Climate change increasing massive wildfires in West: USA Today. April 19, 
2014. http://www.usatoday.com/story/weather/2014/04/19/western-wildfires-climate-
change/7874841/ 
Rickenmann, Dieter, 1999. Empirical Relationships for Debris Flows: Natural Hazards, vol. 19, 
pp. 47-77. 
Riley, K. L., Bendick, R., Hyde, K. D., and Gabet, E. J., 2013, Frequency–magnitude distribution 
of debris flows compiled from global data, and comparison with post-fire debris flows in the 
western US. Geomorphology, vol. 191, pp.118-128. 
Roth, A., Kästli, A. and Frenez, Th., 2004. Debris Flow Mitigation by Means of Flexible 
Barriers, Proc. Int. Symp. Interpraevent.Riva del Garda, Italy. Klagenfurt: Interpraevent. 
Santi, P.M. and Morandi, L., 2013, Comparison of Debris-Flow Volumes from Burned and 
Unburned Areas, Landslides, vol. 10, pp. 757-769. 
Santi, P.M., deWolfe, V.G., Higgins, J.D., Cannon, S.H., and Gartner, J.E., 2008, “Sources of 
Debris Flow Material in Burned Areas,” Geomorphology v. 96, no. 3&4, pp. 310-321 
Schilling, S. P., and Iverson, R. M., 1997, August, Automated, reproducible delineation of zones 
at risk from inundation by large volcanic debris flows. In Debris-Flow Hazards Mitigation; 
Mechanics, Prediction, and Assessment, pp. 176-186. ASCE. 
Scott, K.M., 1971, Origin and sedimentology of 1969 debris flows near Glendora, CA. US 




Selby, M.J., 1993, Hillslope materials and processes. Oxford University Press, New York, 451 
pp. 
Shakesby, R. A., and Doerr, S. H., 2006, Wildfire as a hydrological and geomorphological agent: 
Earth-Science Reviews, v. 74, n. 3, p. 269-307. 
Shakesby, R. and Matthews, J., 2002, Sieve deposition by debris flow on a permeable substrate, 
Leirdalen, Norway: Earth Surface Processes and Landforms, vol. 27, pp. 1031-1041.  
Shinohara, Y., Kumagai, T. O., Otsuki, K., Kume, A., and Wada, N., 2009, Impact of climate 
change on runoff from a mid‐latitude mountainous catchment in central Japan. Hydrological 
Processes, vol. 23,no. 10, pp. 1418-1429. 
Shuirman, G., and Slosson, J. E., 1992, Forensic engineering. Academic Press. 
Sidorova, T.L., 1997, Potential changes of mudflow phenomena due to global warming: Debris-
flow Hazards Mitigation: Mechanics, Prediction, and Assessment, Chen, ed., pp. 540-549. 
Skinner, K.D., 2013, Post-fire debris-flow hazard assessment of the area burned by the 2013 
Beaver Creek Fire near Hailey, central Idaho: U.S. Geological Survey Open-File Report 
2013-1273, 12 p., 9 pls., http://dx.doi.org/10.3133/ofr20131273. 
Solano County Water Agency (SCWA), 1999, Hydrology Manual, Chapter 3- hydrologic 
analysis; http://scwa2.com/publications/hydrology-manual 
Soule, N., 2006, The Influence of Coarse Material on the Yield Strength and Viscosity of Debris 
Flows, unpublished Master’s thesis, Colorado School of Mines, 138 p. 
Spittler, T. E., 1995, Fire and the debris flow potential of winter storms. Brushfires in California: 
Ecology and Resource Management, p. 113-120. 
Staley, D.M., 2013, Emergency assessment of post-fire debris-flow hazards for the 2013 Rim 
Fire, Stanislaus National Forest and Yosemite National Park, California: U.S. Geological 
Survey Open-File Report 2013–1260, 11 p., 3 plates, http://pubs.usgs.gov/of/2013/1260/. 
Staley, D.M., 2014, Emergency assessment of post-fire debris-flow hazards for the 2013 Springs 
Fire, Ventura County, California: U.S. Geological Survey Open-File Report 2014–1001, 10 
p., 3 plates, http://dx.doi.org/10.3133/ofr20141001. 
Staley, D.M., Smoczyk, G.M., and Reeves, R.R., 2013, Emergency assessment of post-fire 
debris-flow hazards for the 2013 Powerhouse fire, southern California: U.S. Geological 
Survey Open-File Report 2013–1248, 13 p., 3 plates, http://pubs.usgs.gov/of/2013/1248/. 
Swanson, N.R. and Santi, P.M., 2013, “Comparison of colluvium, debris flow, glacial till and 
outwash deposits using geotechnical and geological properties, Durango, Colorado,” 




Takahashi, T., 2007, Debris flow Mechanics, Prediction and Countermeasures. ISBN: 978-0-
415-43552-9 
Texas Department of Transportation, 2014, Chapter 4, Hydrology, part 12 rational method, 
runoff coefficients. http://onlinemanuals.txdot.gov/txdotmanuals/hyd/rational_method.htm  
Theobald, D. M., and Romme, W. H., 2007, Expansion of the US wildland–urban 
interface. Landscape and Urban Planning, vol. 83, no. 4, pp. 340-354. 
Tiberghien, D., Laigle, D., Naaim, M., Thibert, E., and Ousset, F., 2007, Experimental 
investigations of interaction between mudflow and an obstacle: Debris-Flow Hazards 
Mitigation: Mechanics, Prediction, and Assessment, Chen and Major, eds., pp. 281-291. 
Trenberth, K.E., Dai, A., Rasmussen, R.M., and Parsons, D.B., 2003, The changing character of 
precipitation: Bulletin of the American Meteorological Society, v. 84, n.9, p.1205-1217. 
U.S. Department of Transportation Federal Highway Administration, 2008, Hydraulic Design 
Series No. 4, Introduction of Highway Hydraulics; national Highway Institute, publication 
no. FHWA-NHI-08-090. Chapter 2, Estimating storm runoff from small areas. 
http://www.fhwa.dot.gov/engineering/hydraulics/pubs/08090/HDS4_608.pdf 
USGS, 2005, Southern California – Wildfires and Debris flows, Fact sheet 2005-3106. 
VanDine, D.F., 1996, Debris Flow Control Structures for Forest Engineering: British Columbia 
Ministry of Forests Research Program, Vancouver, B.C. (available at 
www.for.gov.bc.ca/hfd/pubs/Docs/Wp/Wp22.htm), 68 p. 
VanDine, D.F., Hungr, O., Lister, D.R., and Chatwin, S.C., 1997, Channelized Debris-flow 
mitigative structures in British Columbia, Canada. In Debris-Flow Hazards Mitigation: 
Mechanics, Prediction, and Assessment, Cheng-lung Chen (ed). ASCE. pp 606-615. 
Van Steijn, H., 1996, Debris-flow magnitude—frequency relationships for mountainous regions 
of Central and Northwest Europe. Geomorphology, vol. 15, no. 3, pp. 259-273. 
VanDine, D. F., 1985, Debris flows and debris torrents in the southern Canadian 
Cordillera. Canadian Geotechnical Journal, vol. 22 no.1, pp. 44-68. 
Walsh, B., 2014, Southern California blaze kicks off what could be especially dangerous wildfire 
season: Time. May 2, 2014. http://time.com/84851/southern-california-blaze-kicks-off-what-
could-be-especially-dangerous-wildfire-season/ 
Watanabe, M., Yoshitani, J., Noro, T., and Adikari, Y., 2008, “Debris-flow Dewatering Break”: 
An efficient tool to control upstream debris-flow to secure road transportation and 
community safety. Proceedings of the First World Landslide Forum 18-21 November 2008. 
United Nations University, Tokyo, Japan 
Wells, H.G., 1987, The effects of fire on the generation of debris flows in southern California, in 




mitigation: Geological Society of America, Reviews in Engineering Geology VII, p. 105-
114.  
Wells, W. G., 1987, The effects of fire on the generation of debris flows in southern California: 
Reviews in Engineering Geology, v. 7, p. 105-114. 
Wendeler, Volkwein, A., Roth, A., and Denk, M., and Wartmann, S., 2007, Field Measurements 
used for numerical modeling of flexible debris flow barriers. In Debris-Flow Hazards 
Mitigation: Mechanics, Prediction, and Assessment. Chen and Major (eds). ASCE, pp. 681-
687. 
Wendeler, Volkwein, A., Roth, A., Herzog, B., Hählen, N., and Wenger, M., 2008, Protection 
against debris flows by installation of 13 flexible barriers in the Milibach River (Canton 
Berne, Switzerland), Interpraevent 2008- Conference Proceedings, Vol. 1, pp. 547-554. 
Westerling, A., Hidalgo, H., Cayan, D., and Swetnam, T., 2006, Warming and earlier spring 
increase western US forest wildfire activity. Science, vol 313, no. 5789, p. 940. 
Wieczorek, G. F., 1987, Effect of rainfall intensity and duration on debris flows in central Santa 
Cruz Mountains, California: Reviews in Engineering Geology, vol. 7, pp. 93-104. 
Wieczorek, G. F., Morgan, B. A., and Campbell, R. H., 2000, Debris-flow hazards in the Blue 
Ridge of central Virginia: Environmental and Engineering Geoscience, vol 6, no.1, pp. 3-23. 
Wilford, D. J., Sakals, M. E., Innes, J. L., Sidle, R. C., and Bergerud, W. A., 2004,  Recognition 
of debris flow, debris flood and flood hazard through watershed morphometrics: Landslides, 
vol. 1 no.1, pp. 61-66.  
Winter, M. G., Dent, J., Macgregor, F., Dempsey, P., Motion, A., and Shackman, L., 2010, 
Debris flow, rainfall and climate change in Scotland. Quarterly Journal of Engineering 
Geology and Hydrogeology, vol. 43, no. 4, pp. 429-446. 
Wohl, E.E., and Pearthree, P.P., 1991, Debris flows as geomorphic agents in the Huachuca 
Mountains of southeastern Arizona: Geomorphology, vol. 4, pp. 273-292 
Wondzell, S. M., and King, J. G., 2003, Postfire erosional processes in the Pacific Northwest and 
Rocky Mountain regions: Forest Ecology and Management, v. 178, n.1, p. 75-87. 
Wu, C.-C. and Chang, Y.-R., 2003, Debris trapping efficiency of crossing-truss open-type check 
dams: in Debris-flow hazards and mitigation: mechanics, prediction, and assessment, 
Rickenmann and Chen (eds).  Pp. 1315-1325. 
Xiang,F., Kavvas, L., Chen, Z., Bandeh, H., Ohara, N., Kim, S., Jang, S., and Churchwell, R., 
2009, Experimental study of debris capture efficiency of trash racks: Journal of Hydro-





Yafyazova, R.K., 2003, Influence of climate change no mudflow activity on the northern slope 
of the Zailiysky Alatau Mountains, Kazakhstan. In Debris flow hazards Mitigation: 
Mechanics, Prediction, and Assessment, Rickenmann and Chen (eds) Millpress. ISBN 
9077017078X 







APPENDIX A POST WILDFIRE DEBRIS FLOW DATABASE 
 
Table A-1 Database of collected occurrences of post-wildfire debris flows. Data was collected 
from published journal articles, USGS Open File Reports, and news articles and reports found 
on-line. The overall database is skewed toward those events that impacted humans and/or 
infrastructure, as that is what is typically reported in the news. The table is sectioned by fire size: 
small fires <10,000 acres, large fires 11-25,000 acres, and very large fires >25,000 acres. These 
designations are from results of data analysis from the USFS regarding the increase in fire size 
and fire numbers each year. In the past decade fires > 1000 acres have doubled, there are 7 times 


























       
CA 2005 Harvard 1094 
(4.43) 
4 3.66E-03 Gartner, 2005 
UT 2003 Farmington Fire 1935  
(7.83) 
3 1.55E-03 Gartner, 2005 













6 2.84E-03 Cannon, 2001 
CO 2003 Overland fire 3439 
(13.91) 
3 8.72E-04 Gartner, 2005 




1 2.50E-04 Jordan and Covert, 2009         
http://bcwildfire.ca/History/SummaryArchive.htm#2005 
CA 1972 Molera 4300 
(17.4) 
1 2.33E-04 http://pubs.usgs.gov/of/2004/1085/Database.htm 




3 6.80E-04 http://www.hcn.org/issues/30/846 




CA 1997 Baker Fire  6150 
(24.89) 
1 1.63E-04 Cannon, 2001 










CA 2004 Gaviota Fire 7440 
(30.11) 
2 2.69E-04 Gartner, 2005 
UT 2002 Mollie (2001) 8000 
(32.37) 
5 6.25E-04 McDonald and Giraud,  2007 
MT 1984 North Hills 8000 
(32.37) 
25 3.13E-03 http://pubs.usgs.gov/of/2004/1085/Database.htm 
       






CA 2008 Sayre 11262 
(45.57) 





























CO 2002 Coal Seam 12200 
(49.37) 
15 1.23E-03 Cannon et al, 2003 




2 1.68E-04 Jordan and Covert, 2009         
http://bcwildfire.ca/History/SummaryArchive.htm#2005 
CA 1993 Laguna Beach 14337 
(58.02) 
1 6.97E-05 http://pubs.usgs.gov/of/2004/1085/Database.htm 
CA 1996 Dome fire 16516 
(66.84) 
1 6.05E-05 Cannon, 2001 
BC 2005 Ingersoll (2003) 18063 
(73.1) 
12 6.64E-04 Jordan and Covert, 2009         
http://bcwildfire.ca/History/SummaryArchive.htm#2005 











3 1.58E-04 http://pubs.usgs.gov/of/2004/1085/Database.htm 




8 3.96E-04 http://pubs.usgs.gov/of/2004/1085/Database.htm 
CA 1980 San Bernardino 23600 
(95.51) 
2 8.47E-05 http://pubs.usgs.gov/of/2004/1085/Database.htm 
CA 1978 Kanan 25000 
(101.17) 
1 4.00E-05 Gartner, 2005 
       













1 3.41E-05 Jordan and Covert, 2009         
http://bcwildfire.ca/History/SummaryArchive.htm#2005 
AZ 2011 Monument fire 30526 
(123.53) 










ID 1989 Lowman Fire 47000 
(190.20) 
20 4.26E-04 http://pubs.usgs.gov/of/2004/1085/Database.htm 




5 1.05E-04 Cannon and Reneau, 2000 




20 4.12E-04 Riley et al, 2013 
WA 1970 Entiat Valley 49200 
(199.11) 
3 6.10E-05 http://pubs.usgs.gov/of/2004/1085/Database.htm 




2 3.12E-05 Jordan and Covert, 2009         
http://bcwildfire.ca/History/SummaryArchive.htm#2005 
CO 2002 Missionary Ridge 73000 
(295.42) 
13 1.78E-04 Cannon et al, 2003 






OR 1998 Tower Fire(1996) 104599 
(423.3) 
3 2.87E-05 Howell, P. 2006 
CA 2003 Simi 108204 
(437.89) 














































47 3.12E-04 Cannon et al, 2008 




57 3.55E-04 Ahlstrom, 2013 










1 5.62E-06 http://himlyn.tripod.com/pico.blanco/id30.html 




1 4.00E-06 http://www.hcn.org/issues/30/846 












APPENDIX B DEBRIS FLOW PEAK DISCHARGE DATABASE 
 
Table B-1 Database of debris flow peak discharges. Data was collected from published journal articles on debris flows.  
 Location REFERENCE date Basin name post 
wildfire 







Rainfall intensity (mm/hr) 
        yes no      low high low ave peak 
Dolomites, 
Italy 




Acquabona  x from reference, 
massive rock cliffs, 
thick talus deposits, 
30-40 degree slopes 
on upper part, 10-15 
in lower 
60(for 10min), 5 yr. 
RI, Concentration 
time 9-14 min 




et al 2000 
July 25 
1998 
Acquabona  x  6 (10 min)  11.4/90 
min 




et al 2001 
July 27 
1989 
Acquabona  x  6 (10 min) 12.4/40 
mins 




et al 2002 
Aug 17 
1998 
Acquabona  x  16 (10 min) 29/58 
mins 
  39 0.3 16  29 
Alpine, 
CO, USA 
  Chalk 
creek 
 x glacial deposits, 
bedrock, rock fall, 




local resident gage at 
head of fan, week 
preceding afternoon 
showers 
   0.3 13 44 76 
Alpine, 
CO, USA 
McCoy, W. et 





 x  9.1 (for 10 mins), 9.9 
cum. 
  1.6 0.0619   9.1 
Alpine, 
CO, USA 






 x  19.8 (for 10 mins), 
10.7 cum. 
  2 0.0619   19.8 
Alpine, 
CO, USA 
McCoy, W. et 





 x  24.6 cum.   13.5 0.0619   38.1 
Alpine, 
CO, USA 
McCoy, W. et 









Table B-1 Continued 
Location REFERENCE date Basin name 
post 
wildfire 







Rainfall intensity (mm/hr) 
        yes no      low high  low ave peak 
Alpine, 
CO, USA 






 x  dur 0.53 hr   0.18 0.0619   13.34 
Alpine, 
CO, USA 






 x  dur 0.58 hr   0.62 0.0619   27.43 
Alpine, 
CO, USA 






 x  dur 0.42 hr   0.21 0.0619   16.46 
Alpine, 
CO, USA 






 x  dur 0.82 hr   0.15 0.0619   10.57 
Alpine, 
CO, USA 






 x  dur 1.08 hr   0.41 0.0619   26.49 
Alpine, 
CO, USA 






 x  dur 0.63hr   0.16 0.0619   9.63 
Swiss Alps Hurlimann, 





 x  total 24 hr 106 mm   70 1.8   11 
Swiss Alps Hurlimann, 
M. et al 2005 
June 28 
2000 
Illbach  x     125 10.5 35  57 
Italian 
Alps 






 x   134 255 4.1 2  12.5 






Val Varuna  x  100-170mm 
antecedent 30 hrs 
200 800 5   10 






Val Varuna  x  150-300mm 
antecedent 40hrs 










x   total Debris flow 
occurred on fifth 
consecutive day of 
rainfall 




Table B-1 Continued 
Location REFERENCE date Basin name 
post 
wildfire 







Rainfall intensity (mm/hr) 










x   total Debris flow 
occurred on fifth 
consecutive day of 
rainfall 










x   total 356mm peak 5 
min intensity 
55mm/hr 


















Drainage A x   peak 10 min intensity 
37 mm/hr 








Drainage B x   peak 10 min intensity 
53 mm/hr 








Drainage C x   peak 10 min intensity 
49 mm/hr 








Drainage D x   peak 10 min intensity 
53 mm/hr 








Drainage F x   peak 10 min intensity 
58 mm/hr 








Drainage G x   peak 10 min intensity 
58 mm/hr 








Drainage H x   peak 10 min intensity 
58 mm/hr 










x   peak 10 min intensity 
46 mm/hr 




Table B-1 Continued 
Location REFERENCE date Basin name 
post 
wildfire 







Rainfall intensity (mm/hr) 







Unnamed 1 x   peak 10 min intensity 
27 mm/hr 







Root x   peak 10 min intensity 
23 mm/hr 







Unnamed 2 x   peak 10 min intensity 
23 mm/hr 







Unnamed 3 x   peak 10 min intensity 
21 mm/hr 







Root x   peak 10 min intensity  
5 mm/hr 







Haflin x   peak 10 min intensity   
6 mm/hr 







Kroegar x   peak 10 min intensity   
23 mm/hr 







Freed x   peak 10 min intensity   
28 mm/hr 







Coon x   peak 10 min intensity   
28 mm/hr 







Stevens x   peak 10 min intensity   
28 mm/hr 







Woodard x   peak 10 min intensity   
15 mm/hr 







Unnamed 1 x   peak 10 min intensity   
18 mm/hr 










x   peak 10 min intensity   
58 mm/hr 




Table B-1 Continued 
Location REFERENCE date Basin name 
post 
wildfire 







Rainfall intensity (mm/hr) 










x   peak 10 min intensity   
58 mm/hr 










x   peak 10 min intensity   
58 mm/hr 










x   peak 10 min intensity   
58 mm/hr 










x   peak 10 min intensity   
58 mm/hr 










x   peak 10 min intensity   
58 mm/hr 
  77 1.06 19  58 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 2 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  3 0.05   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 3 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  16 0.08   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 4 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  12 0.36   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 5 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 




Table B-1 Continued 
Location REFERENCE date Basin name 
post 
wildfire 







Rainfall intensity (mm/hr) 
        yes no      low high  low ave peak 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 6 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  28 1.45   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 7 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  25 25.07   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 8 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  20 0.75   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 9 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  11 0.26   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 10 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  4 0.18   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 11 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  28 1.97   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 12 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  8 0.18   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 14 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  2 0.36   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 15 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 




Table B-1 Continued 
Location REFERENCE date Basin name 
post 
wildfire 







Rainfall intensity (mm/hr) 
        yes no      low high  low ave peak 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 16 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  6 0.28   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 17 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  3 0.18   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 18 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  35 2.1   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 19 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  44 1.06   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 20 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  20 0.52   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 21 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  25 22.9   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 23 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  17 1.22   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 24 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  5 0.31   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 25 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  11 0.34   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 26 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 




Table B-1 Continued 
Location REFERENCE date Basin name 
post 
wildfire 







Rainfall intensity (mm/hr) 
        yes no      low high  low ave peak 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 26 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  88 2.93   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 29 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 
  25 0.39   3 
North 
Hills, MT  
Parrett (1987) Aug 30-
31 1984 
Site 30 x   peak 6 hr intensity 3 
mm/hr, < 2 yr 
recurrence interval 










   peak 20 min intensity 
60 mm/hr 








x      6 21.4  4.3 14 
Laguna 
Beach, CA 




x   25 yr RI   27 21.4  13.7 13.7 
Laguna 
Beach, CA 















x   Peak 30 min 29.7, 
peak 1 hr 16.51 




Table B-1 Continued. Flood Response 
 
Location REFERENCE date Basin name 
post 
wildfire 







Rainfall intensity (mm/hr) 











x   Peak 30 min 29.7, 
peak 1 hr 16.52 










x   peak intensity 20, <2 
yr. recurrence 
interval 










x   recurrence 2-4 years   3 2.14   16.5 
Buffalo 








x   peak 30 min intensity 
90mm/hr 
  510 26.8   90 
Buffalo 








x   peak 30 min intensity 
80mm/hr 










x   peak 10 min intensity   
58 mm/hr 









x   peak 10 min intensity   
56 mm/hr 









Hwy 93, #2 
x   peak 10 min intensity   
37 mm/hr 










Gilbert, #4  
x   peak 10 min intensity   
53 mm/hr 




Table B-1 Continued. Flood Response 
 
Location REFERENCE date Basin name 
post 
wildfire 







Rainfall intensity (mm/hr) 









Hwy 93, #2 
x   peak 10 min intensity   
47  mm/hr 









x   peak 15 min intensity 
32 mm/hr 
  16 1.83 7 7 32 





Bear Gulch x   Peak 30 min intensity 
70 mm/hr, 10 yr 
recurrence interval 





APPENDIX C RESULTS OF DEBRIS FLOW FLUME TESTS 
 













volume of debris 
delivered (L)




volume of debris 
caught (L)
lab measurement calculated
1 30.5 30 1 cm (D85) 6 11 30.5 10 7.5 75% 8.24
2 30.5 30 7 11.3 37.5 9.5 8 84% 10.34
3 30.5 30 7.5 11.3 44.5 9.5 8 84% 11.87
4 30.5 30 7 11.3 43.5 12 9 75% 10.97
5 30.5 30 7 15 49.5 15 12.5 83% 11.60
6 30.5 30 6 9 48.5 20 10.3 52% 9.86
7 30.5 30 7 10 34.5 10 9 90% 10.03
8 30.5 30 7 17 44.5 12 9.5 79% 11.08
9 30.5 30 6 9 48.5 15 11 73% 9.86
10 30.5 30 1.5 cm (D100) 5 9 4 44%
11 46 30 1 cm (D85) 5 8 24 10 9 90% 8.70
12 46 30 6 10 38 15 13 87% 11.70
13 46 30 5 10 43 20 11 55% 10.13
14 46 30 5 11 61 20 18 90% 11.48
15 46 30 6 6.8 24 10 9.5 95% 10.44
16 46 30 6.5 7 77 20 19 95% 16.48
17 46 30 5 14 36 15 14.4 96% 9.60
18 46 30 na na na 15 10.5 70% na
19 46 30 6 10 43 15 13.9 93% 12.15
20 series 1 cm (D85) 5 and 5 90 and 40 21 19 90%
21 series 4 and 6 6.6 and 8 80 and 60 25 23.5 94%
22 30.5 30 blank na na na 15 0 0%
23 30.5 30 3.5 0 0 10 1.75 18%
24 30.5 30 3 0 0 10 0 0%
25 46 30 3 0 0 15 3.5 23%
26 46 30 2 0 0 20 1 5%
DEBRIS-FLOW DEWATERING BRAKE   FLUME TEST RESLTS
